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ABSTRACT 
 
Recent large-scale flood events in Iowa demonstrate a need to understand how 
drainage alteration, specifically through tile drainage and ditches related to intensive 
agriculture, affect peak flow events and streamflow hydrology.  This research tested the 
hypothesis that there is a relationship between tile drainage and peak flow events, 
specifically that tile drainage increases the occurrence of peak flow events.  The first 
objective was to implement a physically based, coupled surface water/groundwater model 
(HydroGeoSphere – HGS) in the South Fork watershed in north-central Iowa.  The second 
objective was to sample and analyze precipitation, surface water, groundwater, and tile 
water for stable isotopes from August 2011 to July 2013 in order to implement and model 
isotopic hydrograph separation during a peak flow event.  The intent of that work was to 
delineate the source of water in the flood.  Due to the inability of the HGS model to 
converge, the model was abandoned and efforts were refocused on using stable isotopes to 
predict water sources during peak flow events.  The drought of 2012 provided an 
opportunity to investigate how tiles interact with other hydrologic components during a 
hydrologic extreme.  Results suggest that tile drainage water—which is often a mixture of 
surface intakes water, saturated macropore flow, and groundwater—was fed exclusively 
by groundwater during the drought.  In contrast, tile water is a combination of these 
sources under normal hydrologic conditions.  During a precipitation and flood event in late 
May 2013 water pooled around surface intakes, stream discharge reached two-year peaks, 
and the tile water isotopic composition moved significantly away from groundwater 
towards the composition of precipitation.  These results suggest that surface runoff to the 
tiles would be the dominant component fed to streams during peak flow, and that isotopic 
hydrograph separation may prove useful when peak flow occurs again.  Although HGS was 
not useful for simulating peak flow and hydrograph separation in this research, it will be a 
useful tool, along with stable isotopes, to continue investigations of this type in the future.  
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INTRODUCTION 
 
Background 
Agricultural Drainage 
Artificial draining of soil using tile drains and drainage ditches has been in use in the 
Midwest for over 100 years (Zucker and Brown, 1998).  Tile drainage drains and dries the 
soil, which in turn lowers the water table and prevents excess water from inhibiting crop 
growth during the growing season (Figure 1).  Sources of water to tiles include 
groundwater, surface water from field intakes, and preferential flow under saturated 
conditions through the unsaturated zone.  Field tiles are generally installed at a depth of 
one to two meters below the ground surface with a lateral spacing of six to 24 m (Zucker 
and Brown, 1998).  Although previously comprised of clay pipe, modern tile drains are 
almost exclusively constructed of corrugated plastic.  Surface intakes – vertical pipes 
extending a few feet above ground surface and designed to prevent the pooling of water on 
the surface – are connected to these subsurface systems.  Field-scale tile systems can 
discharge locally into small-scale surface drainage systems or they can be connected to 
county-scale tile systems (installed at a greater depth), which form an integrated drainage 
network.  County-scale tile systems with pipe diameters that range from 0.5 to 2 m in 
diameter (Figure 2) often discharge into drainage ditches (Figure 2).  They may drain areas 
greater than 1000 ha. 
Since the existence of tile drainage, concern about its effects generally ended at the 
owner’s property line.  However, growing concern about anthropogenic changes to the 
hydrologic cycle have suggested that its impacts may radiate far downstream from the tile 
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discharge point (Robinson and Rycroft, 1999).  Many studies associate tile drainage with 
the cause of hypoxia in the Gulf of Mexico (Mitsch et al., 2001). 
While much work has been done in studying how intensive agricultural practices affect 
water quality (Lemke et al., 2011), much less effort has been directed towards 
understanding changes in water quantity due to these practices.  Intensive agriculture may 
affect the timing and magnitude of peak flows, particularly when combined over several 
watersheds (Robinson and Rycroft, 1999); yet, only a few studies have attempted to 
investigate this relationship through field work or hydrologic modeling at the watershed 
scale (Robinson et al., 1999).  Opinions about the impact of tile drainage on peak flows vary 
widely.  Tile drainage may reduce peak flow by draining the soil prior to precipitation 
events, thus increasing the water storage capacity in the unsaturated zone (Robinson et al., 
1999).   Conversely, tile drainage may increase peak flow by accelerating soil water and 
groundwater into ditches and streams where it adds to the streamflow derived from 
overland flow (Robinson et al., 1999). 
Because flooding in the United States causes large property loss and costs millions of 
dollars in economic loss in predominantly agricultural areas (Des Moines Register, October 
18, 2010; Barnes and Eash, 2012), an improved understanding of the relationship between 
tile drainage and peak flow events is important not only for prediction of flood events, but 
also in the management of water resources.  This study was borne out of the idea that 
informed policy can only occur if the hydrologic processes involving agricultural drainage 
that affect flooding are understood. 
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Motivation, Hypotheses, and Objectives 
Iowa contains some of the most extensively tiled agricultural land in the U.S. (Figure 3).  
Recent large-scale flood (peak flow) events demonstrated again a need to understand how 
drainage alteration, specifically through tile drainage and ditches related to intensive 
agriculture practices, affect peak flow events and streamflow hydrology (Figure 4).  The 
recent flooding in Iowa, including the 50 to 100-year recurrence interval flood in 2008 and 
the 500-year recurrence interval flood in 2010 (Buchmiller and Eash, 2008; Barnes and 
Eash, 2012), led the Iowa Economic Development Authority to fund a study of the 
Hydrologic Impacts of Drainage Systems, a joint effort between Iowa State University and 
the University of Iowa.  The goal of this project was to determine the relationship between 
agricultural drainage and peak flow events and specifically whether drainage increases 
peak flows. 
The research described in this thesis focuses on how the hydrologic system, including 
tile drainage, responds to changes in hydrologic conditions.  The hypothesis was that there 
is a relationship between tile drainage and peak flow events, specifically that tile drainage 
increases peak flows.  The objectives were originally: 1) to model the impacts of drainage 
using a physically-based, coupled, surface water/groundwater model, and 2) to evaluate 
the feasibility of isotopic hydrograph separation techniques to determine tile drainage 
contribution to peak flow events. 
Two datasets were created for this research: a dataset for the hydrologic model, 
HydroGeoSphere (Therrien, 2003), and a dataset for isotopic analysis.  The initial research 
was to include simulation of peak flow (flood) events using a 3-D fully-coupled, finite-
element, groundwater-surface water model.  Thus, part of this research involved 
  
4 
construction of a model for the 182 km2 (18200 ha) Beaver Creek subwatershed of the 
South Fork.  It was hypothesized that the model would allow testing of hypotheses 
regarding the interactions of the different components to the hydrologic system, and using 
the isotopes to perform hydrograph separations, specifically isolating the tile drainage 
component.  Unfortunately, this hypothesis could not be tested due to the inability of the 
hydrologic model to converge on a solution. 
The isotope dataset is composed of four sources: groundwater, surface water, tile 
water, and precipitation.  Hydraulic head, precipitation, tile and stream discharge data 
were collected to characterize the hydrology.  Water samples from the four sources were 
analyzed for isotopic composition of stable isotopes (H and O) in the water molecule.  The 
research tested the hypothesis that each of the four sources has a unique isotopic signature 
that can be used as an environmental tracer to distinguish each source’s contribution 
during flooding or drought events.  The intent of the research was to characterize the 
interaction of tile drains, surface water, and groundwater across a range of hydrologic 
conditions.  During the study period, hydrologic conditions changed from normal to 
‘extreme drought’ stage and back again to normal conditions.  By analyzing the hydrologic 
response of tile drains to these fluctuations, it was possible to tease out hydrologic 
relationships and interactions that may be less well defined under normal conditions. 
 
Description of Study Area 
 The South Fork watershed is located in north-central Iowa in Hardin, Hamilton, 
Franklin, and Wright counties (Figure 5).  It was chosen for this research project in part 
due to its lengthy and ongoing data record (15+ years at some sites).  The 78,000 ha 
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watershed is also notable for its dense tile drainage network – more than 80 percent of the 
surface area is tile drained (Green et al., 2006).  It is situated on the eastern edge of the Des 
Moines Lobe, and has three late Wisconsinan end moraines (Bemis, Altamont I, Altamont 
II) running longitudinally through the watershed (Figure 7).  The surface topography is 
generally low relief and, prior to intensive tiling, was poorly drained.  The watershed is 
primarily used for agricultural activities; 91 percent of the total watershed area is used for 
agricultural production of corn and soybeans (85 percent crop, 6 percent pasture) and it 
supports more than 175 swine concentrated animal feeding operations (Iowa DNR GIS 
Systems Library).  The highly productive Clarion-Nicollet-Webster soil association 
dominates the soils, whose textural classifications include loam, clay loam, and silty-clay 
loam, respectively.  Soil taxonomic classifications of these soils are Typic Hapludoll, Aquic 
Hapludoll and Typic Endoaquoll.  It is the management of these hydric soils for intensive 
row crop production that has necessitated the heavy tiling found in the watershed. 
The South Fork watershed is composed of three subwatersheds, all of which drain 
towards the southeast: the central South Fork of the Iowa River watershed (25,600 ha); the 
Tipton Creek tributary watershed to the south (19,850 ha); and the Beaver Creek tributary 
watershed to the north (18,200 ha) (Figure 5).  The South Fork of the Iowa River 
discharges into the main branch of the Iowa River (mouth of watershed, Figure 5).  The 
watershed resides in the Central Iowa Climate District, which has a mean annual 
precipitation of 824mm (Sawyer, 2010); Eldora, IA, located at the mouth of the watershed, 
averaged 916 mm of precipitation annually during the last 30 years (Iowa Environmental 
Mesonet, 2013). 
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The South Fork watershed is underlain by Quaternary-age till, loess, and sand and 
gravel units that overlie Mississippian carbonate and shale bedrock (Gilmore City Fm., Pella 
Fm., and St. Louis Fm.), with overlying Pennsylvanian shales and sandstones (Lower 
Cherokee Group) in some areas (Iowa DNR GIS Systems Library).  The surficial geology is 
primarily composed of late Wisconsinan till of the Dows Formation (Figure 8).  Outwash of 
the Noah Creek Formation and alluvium of the DeForest Formation are found along the 
Beaver Creek, Tipton Creek, and South Fork valleys.  Thickness of the Dows Formation 
ranges from 15 to 20 m, increasing up to 30 m near end moraines (Bettis et al., 1996).  
Thickness of the uppermost unit (Morgan Member) varies, usually from 2 to 4 m, and is 
generally present in the crests of the moraines.  The Morgan Member was deposited in a 
supraglacial environment and exhibits significant textural variability, with textural 
classifications ranging from sandy loam to silty-clay loam (particle sizes of 2 to <0.002mm, 
Eidem et al., 1999, Helmke et al., 2005).  The underlying Alden Member, in contrast, is a 
massive, compositionally uniform diamicton, classified as a loam and is interpreted as 
having been deposited in a subglacial environment.  Thickness of the Alden Member 
typically ranges from 10 to 20 m, but can also increases up to 30 m thickness near end 
moraines.  Loess of the Peoria Formation and Pre-Illinoian till underlie the Alden Member 
in much of the watershed. 
 The watershed is located in the Northeast Iowa Groundwater Province (Prior et al, 
2003).  The primary source of water is the Mississippian aquifer, with contributions from 
alluvial and surficial aquifers.  The surficial groundwater system lies within the Dows 
Formation till, Noah Creek Formation outwash, and DeForest Formation alluvium.  The 
Dows Formation is an aquitard, although its Morgan Member can nearly be an aquifer in 
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some locations, because the Alden Member has a much lower hydraulic conductivity (K).  
The water table fluctuates vertically at the Morgan-Alden Member contact due to the 
difference in K between the two Members (Sawyer, 2010). 
 
Previous Work 
South Fork Watershed 
Instrumentation 
The South Fork watershed contains long data history from a variety of sources.  Data 
records for some stream gauges extend back more than 15 years (SF450, Figure 5).  The 
U.S. Geological Survey (USGS) first installed a gauging station in the South Fork of the Iowa 
River in 1995, as part of the Eastern Iowa Basins National Water Quality Assessment 
(NAWQA) program (Becher, 2001).  The US Department of Agriculture (USDA) Agricultural 
Research Service (ARS) selected the South Fork watershed as one of twelve benchmark 
Conservation Effects Assessment Project (CEAP) watersheds in 2000.  During the following 
two years, the National Laboratory for Agriculture and the Environment (NLAE) added 
three additional hydrologic and water quality monitoring stations (SF400, TC325, and 
BC350) and began collecting data at SF450 (Figure 5).  In 2011, the South Fork watershed 
was chosen as a USDA ARS Long-Term Agroecosystem Research site, ensuring it will 
remain a heavily monitored watershed for the foreseeable future. 
Tile and precipitation monitoring were installed from the mid-1990s until as recently 
as 2010.  In July 2005, the NLAE installed discharge gauging and water quality sampling 
stations for two tile outlets (TC240 and TC242, both represented by TC240 on Figure 5) 
into Tipton Creek that are used in this study (Tomer et al., 2010).  The outlet for TC242 was 
  
8 
installed about 1910 as a clay pipe with a diameter of 0.91 m, and drains 156 ha.  TC241, a 
1.2-m-diameter outlet, was installed more recently in May 2011 and has been monitored 
continuously since then (Jeff Nichols, written communication, 2012).  Two precipitation 
collectors were installed and monitored by the NLAE.  TC240P (Figure 5) is a precipitation 
collector installed in May 2011 adjacent to TC242 (Jeff Nichols, written communication, 
2012).  A meteorological station installed by the NLAE at SF400 (Figure 5) contains a 
standard tipping bucket rain gauge; water from this gauge was used for precipitation 
samples in this study. 
Eleven piezometer nests were installed across the watershed in 2005 as part of a 
groundwater modeling study using the analytic element model, GFLOW (Sawyer, 2010).  
Twenty-four piezometers were installed at 12 sites in upland areas on moraines and near 
topographic divides.  Piezometers (5.0 cm diameter, schedule 40 PVC with 0.61 m screen 
lengths and 0.05 cm slot size) were generally installed in nests of two piezometers each at 
12 sites throughout the watershed.  There is one nest of three piezometers (Site C, Figure 
5) and a single piezometer installed in an alluvial terrace (Site L, Figure 5).   In general, the 
shallow piezometer in the nest was screened in oxidized till at the contact of the Morgan 
and Alden Members, while the deeper piezometer was screened about a meter below the 
contact in unoxidized Alden Member (Sawyer, 2010).  Sawyer (2010) reported geometric 
mean K values of 2 ×10-7 m/s and 2×10-9 m/s for the Morgan and Alden Members, 
respectively.  These values are of the same magnitude or lower for tests in these units 
elsewhere (Table 1). 
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Hydrologic Research 
Water quality has been and continues to be the prime focus of research in the South 
Fork watershed (e.g., Tomer et al., 2008a; 2008b), including how tile drainage contributes 
to poor water quality (Tomer et al., 2010).  In 2005, the South Fork watershed was selected 
by the USGS Agricultural Chemical Transport (ACT) group as one of seven watersheds for 
investigation of agricultural chemicals and water quality in important agricultural and 
natural settings (Kalkhoff and Capel, 2005).  McCarthy et al. (2012) published an 
environmental settings summary report on the South Fork watershed, part of the NAWQA 
study, attributing much of the 0.5 m3/s average annual flow in the upstream portion of the 
South Fork to tile drainage. 
Tomer et al. (2010) used hydrograph separation in the Tipton Creek subwatershed to 
estimate contributions to tile drains, in addition to analyzing for agricultural contaminants.  
A rainfall-runoff event on September 11, 2006 lasted for approximately 26 hours and 
resulted in 73 to 116 mm of precipitation (depending on location in the subwatershed).  
The authors performed chemical hydrograph separation using total P and NO3–N to 
separate subsurface drainage from surface runoff (lumped approach with some surface 
intake assumed to be in preferential flow paths to tiles).  They found that almost 13 percent 
of tile discharge resulted from surface intakes, with the dominant input as groundwater.  
The authors also found tile drainage contributed approximately 69 percent of total 
discharge during the rainfall-runoff event at the watershed outlet, closely matching the 
SWAT model estimation of 71 percent annual discharge by Green et al. (2006). 
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Tile Drainage 
Water Quality and Quantity Studies 
 Tile drainage has been in existence for more than 100 years (Zucker and Brown, 1998), 
but the focus of most tile studies is their relationship with water quality.  For example, 
David et al. (2010) found that the highly productive, heavily tile-drained region including 
southwest Minnesota, Iowa, Illinois, Indiana, and Ohio was responsible for the greatest 
NO3-N yields to the Mississippi River.  However, some studies provide insight into the 
hydrologic function of tiles (Tomer et. al., 2008). 
Tile drains take in water through three mechanisms: 1) surface intakes—designed to 
prevent ponding on the land surface—provide a direct inlet; 2) drainage from soil below 
the water table (i.e., saturated conditions); and 3) macropore / preferential flow under 
saturated conditions (Figure 6).  Preferential flow paths to tiles play an important role in 
water and chemical transport.  Significant information on preferential flow paths has been 
gained through tracer tests.  Everts and Kanwar (1990) added KBr and Ca(NO3)2 tracers to 
sprinkler irrigation water and applied it to a conventionally tilled field with a standing corn 
crop.  The experiment was performed at the Iowa State University Agricultural 
Engineering/ Agronomy Research Farm, west of Ames, Iowa in mid-1987.  The field site 
had a single tile drain installed 1.1 m below ground surface.  Using chemical hydrograph 
separation to separate preferential flow paths from matrix flow to tile drains, the authors 
found that the discharge contribution from preferential flow paths was small (averaging 2 
percent over the experiment period), but accounted for a disproportionate amount of 
chemical transport (up to 24 percent of KBr and 20 percent of Ca(NO3)2). 
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 Jaynes et al. (2001) applied conservative tracers (KBr, pentafluorobenzoate, o-
trifluoromethylbenzoate, and difluorobenzoate) on a small field plot at the same field.  
Tracers were applied immediately preceding the start of the irrigation event and in two-
hour increments following it.  They found that the last tracer application, which occurred 
some six hours after the start of the event, reached the tile drain in 15 minutes.  The results 
demonstrated that preferential flow paths (macropores and factures) that are apparently 
saturated may dominate water flow to tiles in the unsaturated zone.  Tomer et al. (2010) 
monitored a single rainfall event in 2006 in the South Fork watershed and used 
hydrograph separation to source N, P, and E. coli to Tipton Creek in the South Fork 
watershed.  They found through hydrograph separation that surface intakes to tile 
drainage accounted for about half of the total P load and one third of the E. coli load 
observed at the watershed outlet; thus, surface intakes may also provide a large volume of 
water to tile drains.  Overall, the role of surface intakes in delivering contaminants or water 
volume to streams is not well documented in the literature (Tomer et al., 2010). 
Recent studies have suggested that water volumes in streams have increased due to 
increases in tile drainage.  Schottler et al. (2013) examined 21 watersheds across the State 
of Minnesota and found greater than 50 percent increases in seasonal and annual water 
yields since 1940, particularly in watersheds that had undergone large land-use changes 
(e.g., installation of artificial drainage networks and changes due to crop conversions).  The 
authors showed that changes in precipitation and crop evapotranspiration accounted for 
less than one-half of the increase in water yield, suggesting that the majority of water 
increase is due to increases in artificial drainage and loss of depressional (surface storage) 
areas.  Although the paper did not focus solely on subsurface drainage, a large part of the 
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changes to the watersheds that resulted in greater discharges was related to increases in 
agricultural drainage. 
Schilling and Helmers (2008) performed hydrograph separation in the Walnut Creek 
watershed near Des Moines in central Iowa.  The authors found that tile drainage caused an 
increase in groundwater contribution to surface water.  Additionally, the authors found 
that tile drainage had a greater effect on baseflow during the summer months (June – 
September), and noted that those months generally coincide with the greatest loss of 
agricultural chemicals from fields. 
 
Modeling Studies 
In order to simulate the complete hydrologic cycle in tile-drained watersheds, 
hydrologic models must be extended to account for tile drainage at the watershed scale.  
Many models such as DRAINMOD (Skaggs, 1978) are useful to model tile water flow at the 
field-scale.  The general problem has been in extending or “scaling up” such models to a 
watershed scale.   Part of the problem is that maps of tile drainage networks are not 
produced and the layout, orientation, and spacing of tiles must be assumed.  Carlier et al. 
(2007) were successful in addressing this issue by replacing the unknown field tile 
network with a thin, high-K subsurface layer as an equivalent porous medium. 
The second major problem is that models that might address tile drainage specifically 
leave out other parts of the hydrologic cycle.  Green et al. (2006) found that modifications 
to the Soil and Water Assessment Tool (SWAT) model (i.e., that prescribe a maximum 
water table depth) proved promising for simulation of tiles, but only if a wide range of 
precipitation events occurred during the calibration period.  The authors modeled the 
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South Fork watershed both with and without tile drainage components, and found that 
modeling of tile drains was necessary to achieve accurate water budgets.  The mean annual 
water yield without tile drainage was modeled as 16.9 percent of precipitation, while with 
tile drainage it was 25.1 percent.  This discrepancy was explained by the drier soil causing 
more infiltration and less overland flow.  These results show the importance of accurately 
representing all components of the hydrologic system.  However, SWAT is limited in that 
respect because it is a non-distributed, lumped parameter model that does not simulate 
groundwater flow using standard flow equations. 
Rozemeijer et al. (2010) used a finite-element, fully coupled groundwater-surface 
model, HydroGeoSphere (Therrien et al., 2006), which simultaneously solved the variably 
saturated, tile drain, and surface water domains.  The authors emphasized the importance 
of directly measured field data, and constructed a model that deviated only two percent per 
component from measured flow; however, the model was applied at a field-scale of 664 ha. 
De Schepper et al. (2012) tested the accuracy of HydroGeoSphere to model tile drainage 
networks in heterogeneous geologic materials.  Their field-scale model (470 ha) represents 
a monitored catchment in Denmark with known tile locations.  With clayey till 30 to 60 m 
thick surrounding a confined, sandy aquifer, the authors’ early results show reasonable 
groundwater flow and tile drainage effects (as the main discharge component in the 
watershed) that match observed data.  The study did not examine peak flow effects, 
however. 
Schilling and Helmers (2008) used DRAINMOD (Skaggs, 1978) to simulate hydrologic 
responses from drained and undrained models of the 5130 ha Walnut Creek watershed 
near Des Moines, Iowa.  The drained watershed had 24-m tile spacing.  Their results 
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indicated that tile drainage increases baseflow in streams.  During the seven-year 
simulation, both drained and undrained watersheds shared similar mean annual 
streamflows, with baseflow and tile discharge accounting for 72 percent of stream 
discharge in the drained watershed versus 25 percent in the undrained watershed. 
 
Drainage and Stream Flooding 
Iowa experienced record floods in 2008, 2010, and 2012 (Buchmiller and Eash, 2010; 
Barnes and Eash, 2012; Hayes, 2012).  The floods of 2008 and 2010 affected central Iowa, 
the most productive agricultural region in the state, and resulted in millions of dollars in 
lost productivity (Des Moines Register, October 18, 2010).  These events have renewed an 
interest in fully understanding the relationship between agricultural practices and flood 
events.  However, the issue of scale of investigation remains a hurdle.  Robinson and 
Rycroft (1999) conclude that some evidence exists for both tile drainage increasing and 
decreasing peak flow magnitude. , Drainage improvements may either increase or decrease 
streamflow due to a complicated array of initial conditions and storm parameters.  
O’Connell et al. (2007) examined agricultural practices in the United Kingdom and 
showed a relationship between anthropogenic agricultural changes and flooding at the 
field scale.  However, they found that, due to a lack of watershed-scale studies, there is little 
evidence for field-scale effects causing impacts downstream.  The authors argue the only 
way to improve our understanding of this system is through watershed-scale studies, 
including both intensive field monitoring and modeling approaches. 
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 Use of Stable Isotopes 
Theory 
 Stable isotopes of oxygen (18O, 16O) and hydrogen (2H or D, H) have long been used 
in groundwater and surface-water research as part of a suite of environmental isotopes 
(Freeze and Cherry, 1979).  Values of δ18O and δ2H are correlated, such that precipitation 
samples are aligned along a Global Meteoric Water Line: 
              . 
Development of a more regional local meteoric water line (LMWL) is encouraged by using a 
best fit for the isotopic composition of precipitation (Gat et al., 2001). 
Meteorological processes partition 18O and 2H in a predictable fashion (Craig, 1961).  
When thermodynamic equilibrium between liquid and vapor phases of water is not 
reached, as occurs during evaporation of an open water body to an unsaturated 
atmosphere, isotopic fractionation occurs due to different transfer rates through a 
boundary layer at the air-water interface of isotopically lighter water molecules (Rózanski 
et al., 2001).  The result is that isotopically heavier water molecules (e.g., 2H218O), 
preferentially remain in the liquid phase and water vapor is depleted in the heavier 
isotopes (Rózanski et al., 2001). 
Meteorological processes also control the isotopic composition of water vapor once 
evaporated.  The same isotopic fractionation processes described in Rózanski et al. (2001) 
cause the preferential transfer of isotopically heavier isotopes of water vapor into the 
liquid phase during condensation.  Water in the liquid phase leaves the system as 
precipitation, leaving the remaining water vapor depleted in heavier isotopes (Gat et al., 
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2001).  This process, and depletion of isotopically heavier water molecules, continues as 
the water vapor moves farther from its source. 
 
Use of Isotopes in Hydrology 
Stable isotopes of water are commonly used as tracers in groundwater and surface 
water.  Meteoric processes produce a characteristic isotopic signature which can be used to 
identify groundwater provenance and estimate the degree of mixing (Clark and Fritz, 
1997).  Stable isotopes of oxygen and hydrogen are also frequently used in surface water 
studies, often in evaluation the interactions of surface water and groundwater in lakes.  
Jones (2006) analyzed three lakes in northeastern Minnesota to aid lake managers in 
addressing water quality and aquatic habitat protection issues.  He found that analysis of 
stable isotopes of water was an important tool in identifying areas of groundwater inflow 
and outflow.  This was possible due to the difference between the evaporative isotopic 
signature seen in lake water and the non-evaporative signature of groundwater.  Alongside 
other common techniques (e.g., water temperature), isotopic composition of water proved 
to be a valuable tool. 
Krabbenhoft et al. (1990) used stable isotopes of water to estimate inflow and outflow 
contributions to the water balance of Sparkling Lake in northern Wisconsin.  Traditionally 
water balance calculations were done through the use of seepage meters, artificial 
conservative tracers, and an array of piezometers, all methods that are time and labor 
intensive.  The use of stable isotopes accounts for temporal and spatial variability of source 
water, but requires significantly less time and labor.  The authors found rates of 29 and 54 
cm/year for inflow and outflow, respectively; these values closely match results from a 3-D 
  
17 
groundwater flow and solute transport model of 20 and 50 cm/year inflow and outflow, 
respectively.  The close agreement of these two methods added confidence to the use of 
stable isotopes (Krabbenhoft et al., 1990). 
Jones et al. (2013) used stable isotopes of water as part of a large groundwater-surface 
water interaction study on White Bear Lake located in White Bear Lake, Minnesota, where 
recent years had brought historical low water levels to the lake.  The authors determined, 
by a simple mixing model, that wells screened in a glacial buried aquifer and downgradient 
from the lake receive a mixture of surface water (lake water) and groundwater.  This line of 
evidence helped determine lower precipitation and increased groundwater pumping were 
responsible for the decreased lake levels. 
 
Hydrograph Separation 
Hydrograph separation is the partitioning of stream discharge into its contributing 
components, either by graphical means or by using a conservative tracer (Figure 9, Sklash 
et al., 1976).  Because they are conservative, stable isotopes have been useful in 
hydrograph separation for analyzing the contribution of water reservoirs to stream 
discharge.  Fritz et al. (1976) produced some of the earliest attempts to determine baseflow 
components to stream discharge during a precipitation event using a conservative tracer.  
Sklash et al. (1976) used δ18O and electrical conductivity data to separate storm runoff into 
three separate components: groundwater, direct rainfall, and direct runoff.  Two 
watersheds were studied, both about 700 km2 (70,000 ha) in size.  The authors found that 
groundwater contributed over 50 percent of the peak discharge of storm runoff, the first 
such documentation of the importance of groundwater in storm runoff and peak flow. 
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Kumar et al. (1997) used rainfall events and hydrograph separation techniques to 
analyze preferential flow paths as contributors to tile drainage.  The authors sampled tile 
discharge from precipitation events at the same ISU research farm listed earlier from 1984 
to 1993.  The authors only used a two-component system, separating matrix flow from 
preferential flow paths, and found that while average contribution to tile drainage from 
preferential flow paths was small (13 percent), it may vary up to 60 percent in some 
events. 
Chemical hydrograph separation relies on a contrast in the chemical signature of the 
varying water sources (e.g., groundwater and storm precipitation).  If isotopes are used, 
water sources showing overlapping isotopic signatures cannot be distinguished and their 
relative contributions cannot be estimated.  In the common two-component system, where 
the goal is to distinguish pre-event and event water, there are several additional 
assumptions: 1) isotopic signatures of pre-event and event water are constant in space and 
time; 2) contributions from the unsaturated zone are negligible, or similar in composition 
to groundwater; and 3) contributions from surface storage are negligible (Kendall and 
McDonnell, 1999). 
The assumption of a constant isotopic composition of event water in space and time is 
known to be incorrect.  McDonnell et al. (1990) showed that the rainfall weighting 
technique that averages event water for the entire event was flawed.  In a study on the 
South Island of New Zealand, a small, heavily monitored watershed (310 ha) showed δ2H 
values varying by 32.9‰ during a 45.1 mm event.  The authors found differing weighting 
techniques led to overestimates of event (or ‘new’) water by up to 30 percent.  When the 
isotopic composition of event water changes dramatically over a single event, it is essential 
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that the correct weighting method be used.  An incremental mean, where a running-
average isotopic composition is used, is the most physically correct method (McDonnell et 
al., 1990). 
Traditional research on hydrograph separation has focused on distinguishing between 
“old” and “new” water – more commonly known as “pre-event” and “event” water.   Most of 
those studies showed that pre-event water supplies at least half of streamflow at peak 
discharge (Fritz et al., 1976).  Subsequent research (Sklash et al., 1976; Kendall et al., 2001) 
used hydrograph separation to identify the relative contribution to streamflow from 
multiple pathways (i.e., direct precipitation, overland flow, baseflow).  An example of this 
approach is given in Harris et al. (1995), who performed hydrograph separation on a three-
component (three reservoir) system (i.e., direct precipitation on saturated areas, near-
stream saturated zone, subsurface water in upslope areas).  They found that solutions were 
non-unique without narrow bounds on watershed parameters (e.g., the relationship 
between stream discharge and surface-saturated area) and initial conditions (e.g., size of 
pre-event water reservoirs).  Error in water contributions from event and pre-event water 
increased commensurate with a decrease in the difference in isotopic signatures of the 
reservoirs (Harris et al., 1995).  Their work shows a dramatic increase in complexity of 
hydrograph separation as the number of hydrologic components increases.   
A number of studies that analyze the relationship between tile drainage and peak flow 
events using hydrologic modeling or hydrograph separation, including some previously 
described in greater detail, are listed in Table 2.  The focus of these studies ranges from 
separating pre-event from event tile drainage contributions to ditch discharge (Rozemeijer 
et al., 2010) to determining tile drainage contributions to streamflow over multi-year 
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monitoring periods (Schilling and Helmers, 2008).  However, a lack of watershed-scale 
studies during peak flow events is evident.  In short, the literature suggests that the 
function of tile drainage on hydrology is largely unknown, particularly at the watershed 
scale.  Only recently has work begun to explicitly include this important routing mechanism 
in watershed-scale modeling.  
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METHODS 
 
Data Collection 
Groundwater 
Water-levels were measured and groundwater samples obtained on a monthly basis 
from the piezometers from October 2011 to late July 2013. Two of the original 24 
piezometers were decommissioned in May 2012 due to a change of land ownership.  
Sampling continued at the remaining piezometers for the duration of the study.  Water 
levels were measured with an electric water-level tape to a precision of 0.01 ft and 
converted to hydraulic head using surveyed top-of-casing elevations (Sawyer, 2010).  The 
shallowest hydraulic head in each nest was assumed to represent the position of the water 
table.  After the water-level measurement, groundwater was sampled from a dedicated 
polyethylene sample tube using a peristaltic pump.  The groundwater in the piezometer 
was pumped for five minutes (approximately three times the well volume at maximum 
pumping rates) to ensure that fresh formation water would be sampled.  Groundwater for 
stable isotope analysis was sampled and preserved in 20 mL polyethylene scintillation vials 
at 4 °C until analysis.   
 
Surface Water and Precipitation 
Surface water, tile water, and precipitation samples were collected weekly by the NLAE 
in conjunction with their ongoing research in the watershed and catalogued according to 
their laboratory protocols.  Grab samples were taken from stream water (sites SF400, 
SF450, TC323, BC350; Figure 5) and tile water (TC241, TC242; Figure 5). Precipitation 
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samples were collected from a precipitation collector (TC240; Figure 5) or from a standard 
rain gauge (SF400; Figure 5).  Samples were collected following a precipitation event, when 
possible.  
 
Stable Isotopes 
Stable isotopic compositions (δ2H and δ18O) for all 734 samples were determined using 
a Picarro L1102-i Isotopic Liquid Water Analyzer with autosampler and ChemCorrect 
software, in the SIPERG Stable Isotope Laboratory in the Department of Geological and 
Atmospheric Sciences at Iowa State University (Appendix A).  Each sample was measured a 
total of six times.  Only the last three injections were used to calculate mean isotopic values 
in order to account for possible memory effects.  Reference standards (OH-1, OH-2, OH-3) 
were used for isotopic corrections, and to assign the data to the appropriate isotopic scale.  
At least one reference standard was used for every five samples.  All isotope results are 
presented in standard δ notation, a representation of deviation from Vienna Standard Mean 
Ocean Water (VSMOW). 
   (
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           is the ratio in the VSMOW standard (Gat et al., 2001). 
 
The combined uncertainty (analytical uncertainty and average correction factor) was 
±0.36‰ for δ2H and ±0.06‰ for δ18O, respectively, for all samples. 
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Values of δ2H and δ18O values from precipitation in the watershed align well with the 
local meteoric water line (LMWL) developed for Ames, IA (Figure 10), by Simpkins et al. (in 
prep); hence, that line was used as a reference of comparison for all water samples.   
Deviations from the LMWL suggest different water sources and evaporation effects in 
surface water.  Time series plots were also used to show seasonal variation of δ18O. 
 
Model Construction 
Description of HydroGeoSphere 
The model used in this study is HydroGeoSphere (HGS), a finite-element, fully 
distributed, fully coupled groundwater/surface water model developed originally as 
FRAC3D and FRAC3DVS at the University of Waterloo by René Therrien, Ed Sudicky, and 
Rob Maclaren (Therrien, 2003) and modified by René Therrien at the University of Laval 
(Therrien, 2006).  It has been used to simulate groundwater systems all over the world, 
and has incorporated climate change scenarios and even Pleistocene glaciation in some 
recent work (Lemieux, 2006).  It has recent favorable reviews in the literature (Brunner 
and Simmons, 2012). 
The overall governing equation used in the model for 3-D, transient, subsurface flow in 
variably-saturated porous media is a modified form of Richards’ equation: 
   (   )   ∑        
 
  
(    ) 
where wm = volumetric fraction of the total porosity occupied by the porous medium 
(dimensionless), q = liquid flux, Γex = volumetric fluid exchange rate between subsurface 
and all other domains, Q = fluid exchange at boundaries, θs = saturated water content 
(porosity), and Sw = water saturation.  Further explanation of the above and other 
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equations (which describe surface water flow, overland flow, evapotranspiration and 
precipitation input) is available in the HydroGeoSphere User’s Guide (Therrien et al., 2006). 
The unique property of this model is that Γex, the volumetric fluid exchange rate between 
the subsurface domain and all other domains (Therrien, 2006), is a common parameter 
that links equations describing parts of the hydrologic cycle, which then allows those 
equations to be solved simultaneously. 
 
Physical Data 
Topographic and hydrogeologic data for model construction were gleaned from federal 
and State of Iowa websites.  Watershed boundaries, stream segments, and surface 
water/tile sampling locations were downloaded as GIS shape files from the USDA-ARS 
STEWARDS CEAP website (http://www.nrrig.mwa.ars.usda.gov/stewards/stewards.html, 
accessed May 2012). Light Detection and Ranging (LiDAR) data were downloaded in 3 and 
10 m resolutions from the USGS National Map Viewer 
(http://viewer.nationalmap.gov/viewer/, accessed May 2013).  Those files were imported 
into ESRI ArcMap, clipped to the size of the watershed boundary, and exported as ASCII 
Digital Elevation Model (DEM) files for use in the model.  Piezometer coordinates were 
taken from Sawyer (2010).  Hydraulic head data for model calibration (groundwater) were 
also obtained from measurements in the piezometers during this study.  Stream flow and 
precipitation data were obtained directly from NLAE (as Excel or CSV files).   
Subsurface geology of the watershed was investigated at the piezometer nests installed 
by Sawyer (2010); however, she did not construct a geologic framework for the entire 
watershed which was necessary for this distributed model.   Along with corehole 
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descriptions from Sawyer (2010), the Iowa Department of Natural Resources (DNR) 
Geosam website (http://www.igsb.uiowa.edu/webapps/geosam/, accessed September 
2012) was used to locate well logs from within and outside the perimeter of the watershed.  
The depth of stratigraphic contacts below ground surface was interpreted and recorded in 
an Excel spreadsheet.   Only high-quality strip logs produced by the Iowa Geological and 
Water Survey (http://www.igsb.uiowa.edu/AboutUs/StripLogging.htm, accessed 
September 2012) were used in this analysis.   Well logs (provided by drillers and not 
subject to IGWS analysis) were used when strip logs were not available.  
Groundwater Modeling System (GMS) software (http://www.aquaveo.com, accessed 
December 2013) was used to build a 3-D geologic model of the subsurface geology based 
on the well logs.  Although GMS is better known as a GUI for the USGS groundwater model 
MODFLOW, it has the ability to use user-correlated cross sections as the basis for “filling in 
the gaps” in the subsurface geology among boreholes.   After cross-section lines are chosen 
among the boreholes, cross-sections are filled in to create a solid model of 3-D subsurface 
geology.  The watershed boundary shapefile was then imported into GMS and the 
subsurface geology, and the subsurface model terminated at the surface boundary of the 
watershed.  This process allowed export of the two-dimensional contact boundaries as 
ASCII DEM files into the model.  
 
Learning the HGS Model 
The HGS model is extremely complex and engenders a steep learning curve for all users.  
The recommended method for model construction is to begin with a saturated, steady-state 
model of the watershed and add complexity in small increments.  This is the typical 
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approach to most models of this type.  To aid the user, a simple tutorial problem and 
several levels of verification examples are included with the model.  First-level verification 
examples model produce output that can be benchmarked against analytical solutions.  
Second-level verification examples include practical problems that are too complex for 
analytical solutions.  Third-level examples focus on field or experimental applications.  
These examples were helpful in learning the model initially, albeit with very simple 
geometries and parameters.  The primary HGS developer, Dr. René Therrien and his 
students at Laval University (Québec City, Québec) provided additional assistance in model 
construction during a site visit to Québec in November 2012. 
 
Mesh Generation 
Two methods were used in this study to generate the finite-element mesh.  Both 
methods exist outside the HGS model and are run separately from the main model. The 
GridBuilder (McLaren, 2004) software bundled with HGS produced a usable finite-element 
mesh.  However, a more specialized mesh, with smaller elements near locations of interest, 
was generated using a combination of ArcGIS shapefiles, Python scripts (Guillaume De 
Schepper, verbal communication, 2012), and the Triangle 2-D mesh generation software 
(Shewchuk, 1996) (Figure 11).  This combination allowed for varying nodal spacing in the 
model; i.e., a finer mesh can exist in areas of greater interest (e.g., tile drains, stream 
segments, or rapid elevation change) and a coarser mesh can be specified near the outer 
boundary of the watershed.  Although this method of mesh generation was significantly 
more involved than using the GridBuilder software, it generally produces a mesh that is 
less likely to have convergence issues. 
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File Structure 
 HydroGeoSphere lacks a GUI and runs from the command line using ASCII text files 
containing commands, parameters, and boundary conditions.  Data files are constructed 
through non-HGS programs (ArcGIS, GridBuilder, etc.) and stored in the same directory as 
(or a subdirectory of) the Grok file, the primary text file that controls the model.  Individual 
files for porous media properties, overland flow properties, and evapotranspiration 
properties are also created and stored in the same directory.  Prior to a full simulation, a 
pre-processor (also named Grok) ensures all commands in the Grok file and associated 
properties files are valid.  It creates a 3-D mesh using a 2-D mesh and ASCII DEM files, 
applies hydraulic parameters (from the porous media properties file) to elements (e.g., 
overland flow, hydraulic conductivity, etc.), sets up boundary conditions (e.g., 
evapotranspiration, precipitation, critical depth, etc.), and prepares the model to perform a 
simulation.  If the Grok pre-processor fails to complete, it prints out an “invalid command” 
error message that enables the user to troubleshoot the model.  Should Grok execute 
without error, HGS may be initiated from the command line.  At the end of an HGS 
simulation, the post-processor hsplot prepares output files for analysis in Tecplot or GMS. 
 
Beaver Creek Model 
The Beaver Creek model began as a 3-D saturated, groundwater flow model under 
steady-state conditions.  Tiles were excluded due to problems shown in the Tipton Creek 
watershed.  Layers in the model were built upward from the base by applying a 3-m DEM 
to a 2-D mesh; the resultant 3-D mesh was written to a Tecplot or GMS-compatible file 
(Figure 12).  Zones were created within the model by selecting the appropriate layers and 
  
28 
applying porous media properties (i.e., Kx, Ky, Kz, Ss, n).  A constant value or saved hydraulic 
heads from a previous steady-state simulation were used as initial conditions.  Boundary 
conditions were set by loading a set of saved nodes created in GridBuilder, specifying 
individual nodes manually, or selecting the entire outer boundary.  Convergence criteria 
are specified in the Grok file by specifying convergence type and the convergence value on 
the following line. 
Alteration to a transient solution engendered changing commands and including 
timestep controls; i.e. initial timestep, maximum timestep, and maximum timestep 
multiplier.  Like other common groundwater flow models (e.g., USGS MODFLOW; 
Harbaugh, 2005) HGS employs an adaptive time-stepping mechanism.  As implemented, 
when convergence is reached for a given timestep, the program computes the next 
timestep target based on how well it satisfied the current timestep.  For example, if the 
current timestep converged in five Newton-Raphson iterations under a target value of 10, 
the model implements a two-fold increase in the timestep (Δt, change in timestep) from the 
previous simulation. If more than one criterion is specified, it uses the smallest multiplier. 
If the model misses those criteria, it chooses a multiplier of less than one (smaller Δt). If 
HGS completes 25 Newton-Raphson iterations without convergence in a single time step, it 
restarts the timestep and with ½ the value of Δt. 
Unsaturated zone modeling necessitates additional parameters.  A new command was 
added to the Grok file and several unsaturated zone properties were specified in the porous 
media properties file.  The model was then altered to include water flow at the ground 
surface.  This surface domain flow is coupled to porous media flow using a dual-node 
approach.  To begin, some initial guesses of overland flow properties were applied to all 
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surface elements, after which elements surrounding stream segments were selected in 
GridBuilder, to which more representative overland flow properties were applied (e.g., 
decreased Manning’s n).  A precipitation boundary condition consisting of a constant 
precipitation rate applied to all nodes for the duration of the first day of model time was 
then added to the model.  An evapotranspiration boundary condition was applied to all top 
nodes in the surface domain and an additional file was created to specify 
evapotranspiration parameters (e.g., evaporation depth, root depth, leaf area index, etc.).  
The end product was the creation of a transient, unsaturated/saturated, coupled 3-D model 
that can be used to model hydrologic conditions from the surface to the subsurface in the 
watershed.  The last updated version of the Grok file for Beaver Creek is included in 
Appendix B. 
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RESULTS AND DISCUSSION 
 
Beaver Creek Model 
Early Results 
Construction of the saturated, steady-state model was completed relatively quickly, 
with large effort required primarily in the construction of necessary data sets (i.e., finite-
element mesh, surface and contact DEMs, porous media parameters).  Using example 
models included with HGS as a guideline, the steady-state model Grok file was constructed 
with no major complications.  HydroGeoSphere completed modeling quickly and with 
satisfactory results. 
Next, the Beaver Creek model was converted to a transient model.  Using an iterative 
approach consisting of changing a command in the Grok file, initiating a simulation, and 
checking for problems (errors printed by the pre-processor or convergence issues in HGS), 
the transition to a transient model caused no major complications, and was completed 
within a few days.  Thus, work began on transitioning the model to a variably-saturated 
subsurface model.  This also was completed with relative ease using an iterative approach.  
Following each iteration, results were analyzed in Tecplot to ensure the model behaved as 
expected.  Complexity was added if results fit hypothesized behavior, as was common in 
the earlier, simplified forms of the model. 
The addition of evapotranspiration (ET) required three steps: 1) adding a potential ET 
boundary condition; 2) constructing a properties file with ET parameters (e.g., evaporation 
depth, root depth, leaf area index values, etc.); and 3) applying ET parameters to all surface 
nodes.  With no additional inputs and outputs and no surface water yet specified in the 
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model, HGS performed as expected, with the water table decreasing in elevation as water 
was lost to ET, eventually reaching steady-state conditions (controlled by the ET 
parameters).  The resultant hydraulic head values from this simulation (Figure 13) were 
used as starting values in future simulations.  This process decreased the run time of future 
simulations by starting with more realistic hydraulic head values, rather than starting with 
hydraulic head values at the ground surface and slowly losing water to ET. 
The model was then altered to represent the surface domain, allowing specification of 
overland flow properties and varying ET properties due to land use.  A dual-node approach 
was used, where two immediately overlapping node sets are used, with surface domain 
processes controlled by the upper nodes and elements, and seepage into the subsurface 
porous media domain controlled by an equation linking the two sets of nodes and 
elements.  Generalized overland flow properties (e.g., Manning’s n) were applied to the 
entire surface domain. 
 
Convergence Issues 
With the new starting hydraulic head values and surface domain parameters in place, 
precipitation was added into the model.  This required adding an additional rain boundary 
condition, as well as a time-value table specifying a start time and a prescribed rainfall rate.  
At this step in the process, issues that before went unnoticed became obstructions to 
convergence.  An issue with small, irregularly shaped mesh elements near the joining of 
two streams required the regeneration of the 2-D mesh.  Fixing this issue significantly 
increased convergence speed early in the model simulation.  However, analysis of output 
from these early results showed several major issues remained.  Calibration of ET and 
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precipitation parameters was required, as initial ET parameters (primarily PET) were too 
high, and resulted in nearly all precipitation being immediately removed from the surface 
domain before it could move into the porous media domain.  Additionally, rather than the 
expected wetting curve, water was moving immediately to the water table.  Adjustment of 
hydraulic conductivities of the porous media, by decreasing vertical hydraulic conductivity, 
resulted in the expected wetting curve (Figure 14). 
With many smaller issues worked out, model progress seemed promising.  However, 
through many iterative changes in parameter values, initializing a model simulation, and 
watching model progress, it became clear there were underlying convergence issues in the 
Beaver Creek model.  Trial and error narrowed down the scope of these issues to the 
surface domain.  When free-standing water is present in the surface domain of the model—
expected behavior while adding a constant flux of precipitation—the model fails to 
converge for a given timestep in a reasonable number of iterations.  When HGS reaches 25 
iterations, it automatically halves the Δt and restarts the current timestep.  In the Beaver 
Creek model, this process continued until Δt was effectively zero. 
Fortunately, HGS writes out model results as it completes each output time specified in 
the Grok file.  Analysis of early simulation results (results from a given simulation before 
convergence issues occurred), showed that water was collecting in the surface domain only 
in expected places (i.e., river beds and surface depressions).  Many attempts were made to 
fix this convergence issue.  Using GridBuilder, mesh elements near stream segments were 
selected, that selection saved to a file, and those elements given a decreased Manning’s n 
value to represent stream segments.  The convergence issue remained, and further analysis 
showed that it occurred either after precipitation built up when starting with a dry surface 
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or immediately after the start of a simulation (if a Grok file command was used to initialize 
the model with some depth of water across the entire surface domain).  Every attempt was 
made to fix this issue—from changing overland flow parameters to changing ET and 
porous media parameters to making small alterations to the mesh—but these did not 
result in convergence. 
At this point, staff at Laval University found no obvious issues with the model 
construction or parameter set, and suggested a trial-and-error approach to modifying the 
mesh in the hopes of solving this issue.  None of the suggested methods improved model 
convergence times, and time limitations suggested abandonment of work on the model. 
Despite issues with HGS that prevented the completion of the Beaver Creek model, the 
distributed, fully-coupled approach to watershed-scale modeling holds much promise for 
the future.  When familiarity was gained with the structure of the Grok file and associated 
property files, altering parameters and boundary conditions was relatively easy.  The text-
based nature of the Grok file also made analysis of other models very easy, somewhat 
simplifying the steep learning curve of HGS.  The reliance on physical equations and the 
native coupling of the water domains offers a stark contrast to lumped parameters models, 
which in some respects represent a ‘black box’ of interactions.  Despite the convergence 
issue, HGS offers the hope of modeling complicated interactions of hydrologic systems at 
watershed scale, modeling that would not be possible with most other more simplified 
approaches. 
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The Drought of 2012 
Definition of Time Period 
Despite the focus of this project on tile drainage and peak flow events, the study period 
presented not a peak flow event, but an ‘extreme’ drought.  Dates for the drought period 
needed to be defined to aid in analysis of isotopic results.  Unfortunately, no scientific 
system exists for the definition of such dates, as droughts are a result of multiple variables, 
spatially dependent, and somewhat subjective. 
With the help of Harry Hillaker, State Climatologist of Iowa (Harry Hillaker, written 
communication, 2013), drought dates were chosen based on precipitation records and 
drought map records from the United States Drought Monitor 
(http://droughtmonitor.unl.edu, accessed November 2013).  Despite a small, two-week 
reprieve in May 2012 where conditions returned to ‘normal’ in the South Fork watershed, 
the Drought of 2012 began in August 2011 (Figure 15).  Thus, the official drought dates 
determined for this research are early August 2011 (the first water samples were collected 
in late August 2011) through May 6, 2013, with the drought reaching ‘extreme’ stage in 
August 2012.  Normal conditions were present from May 7, 2013 through the end of 
sampling on July 31, 2013 (Figure 15).  These conclusions match those of the Iowa 
Department of Agriculture Climatology Bureau (Harry Hillaker, written communication, 
2013) and fit with data presented by the Iowa Department of Natural Resources in the 
Iowa Water Summary Update 
(http://www.iowadnr.gov/Environment/WaterQuality/WaterSummaryUpdate.aspx, 
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accessed November 2013).  The definition of these two periods enables easy comparison of 
the differing controls in the hydrologic systems during two distinct hydrologic periods. 
 
Hydraulic Head Measurements 
 Water level measurements were taken in the watershed on a monthly basis and 
converted to hydraulic head.  As expected, the water table elevation decreased for much of 
the duration of the study period (Table 3).  From the onset of the study period, the water 
table elevation decreased (Figure 16).  A rise in the water table occurred in the spring of 
2012, coinciding with two weeks of non-drought conditions and increased precipitation in 
the watershed.  However, the water table quickly dropped as the summer progressed and 
the drought reached ‘extreme’ stage.  The water table rebounded in the spring of 2013 as 
hydrologic conditions return to normal. 
 
Stable Isotopes of Water 
Local Meteoric Water Line 
 Stable isotopes of water samples are typically plotted against a local meteoric water line 
(LMWL) to enable identification of areas where hydrologic or atmospheric processes 
change the isotopic composition of meteoric water.  In developing a LMWL, a large number 
of precipitation samples representing all seasons are necessary.  Both of those criteria are 
met for this data set; however, samples were not preserved according to general protocols 
to prevent evaporation.  The location of the watershed meant immediate sampling after 
precipitation events was not possible, which allowed time for atmospheric processes to 
alter the isotopic composition of the precipitation sample.  Due to this complicating factor, 
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a LMWL developed for Ames, IA (Simpkins et al., in prep), a short 48 km from the 
watershed, was used: 
                  . 
Precipitation samples largely plot on this LMWL (Figure 10), with some samples falling 
underneath the line.  Samples falling underneath the LMWL are likely due to evaporative 
effects.  Uncertainty bars on Figure 10 and all future figures fall within the symbol itself; 
mean uncertainty for all samples was 0.06‰ δ18O and 0.36‰ δ2H.  Sample uncertainty 
values are included in Appendix A. 
 
Evaporative Signature 
Nonequilibrium isotope effects are visible due to evaporative processes in the 
watershed.  In a low-humidity environment, as was common during the peak of the 
drought in July and August 2012, fractionation between the liquid water and water vapor 
phases is maximized (Gonfiantini, 1986).  This nonequilibrium effect is visible on a δ18O-
δ2H graph where samples plot on a line of lower slope than the LMWL.  Surface water 
samples from July and August 2012 plot on a line with a slope of 4.4 (Figure 17): 
                 . 
This closely matches work by Gat (1971), who found that for a relative humidity of 25 
percent, a slope of about 4 would be expected. 
Closer analysis shows it is possible to trace surface water backwards on the evaporative 
trend to its source composition; i.e. surface water samples from earlier in the summer.  The 
implication of the evaporative trend occurring before the drought and ET had reached peak 
intensities is that no significant input to these surface water bodies occurred during this 
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time frame.  This suggests that surface water acted as a closed system.  This matches field 
observations that the streams and creeks in the watershed contained mostly standing pools 
of water with very little downstream movement (Jeff Nichols, written communication, 
2013).  Despite the continued tile flow all summer, tile water shows no such evaporative 
signature.  This suggests that tiles tap another source of water. 
 
Source of Tile Drainage Water 
One of the initial goals of this research was to better understand how tile drainage 
contributes to peak flow events.  While no peak flow event occurred during the study 
period, the drought offered an opportunity to analyze how the source of tile water changes 
under varying hydrologic conditions.  In order to better analyze these changing processes, 
only data collected in close physical proximity to the two tile outlets (TC241 and TC242, at 
the location of TC240, Figure 5) were analyzed.  These data were plotted as a time series of 
date of collection vs. δ18O (Figure 18). 
The date range, from November 2011 through August 2013, encompasses most of the 
2012 drought, including its peak in August of that year.  Precipitation values of δ18O vary 
significantly above and below mean values of surface water, tile water, and groundwater.  
This result that matches previous research (Yurtsever, 1975).  Also evident is the 
overlapping nature of the isotopic compositions of surface water, tile water, and 
groundwater samples early in the sampling period.  Fortunately, a divergence in the 
isotopic compositions of different water sources occurred during the summer of 2012. 
Starting in early July 2012 (Figure 18), surface water begins to follow an enrichment 
trend in δ18O (shown previously in Figure 17).  This trend causes the isotopic signatures of 
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surface water and tile water to significantly depart from each other for the first time that 
summer.  As previously stated, this trend is interpreted as evaporative processes enriching 
the closed-source surface water system in 18O, as 16O is preferentially moved to the vapor 
phase by evaporation (Rózanski et al., 2001).  Tile water, the only significant input to 
surface water systems over this time frame, is interpreted as an end member of the 
evaporative trend seen in surface water.  However, tile water does not follow this 
evaporative trend, but rather becomes increasingly more depleted in δ18O as surface water 
becomes continually enriched.  Analysis of the shallow groundwater isotopic signature of 
the nearest piezometer nest (Site I, Figure 5) shows the isotopic composition of tile water 
moving towards that of shallow groundwater.  This relationship is the result of a series of 
events that occurred due to the drought. 
Very little rainfall (7.54 cm recorded at Site TC240, Figure 5) occurred in July and 
August 2012 in the watershed.  The City of Eldora, IA, located near the mouth of the 
watershed, received over 16 inches less precipitation in 2012 than the 30 year average 
before it (Figure 19).  With very little precipitation input to the watershed, two of the three 
mechanisms that move water to tile drains (surface intake of standing water and saturated 
macropore/preferential flow paths, Figure 6) were no longer active, leaving groundwater 
as the sole, remaining input.  When other flow paths ceased contributing to the tile drains, 
shallow groundwater began to dominate the isotopic signature of tile water.  This is 
emphasized in Figure 20, which shows strongly overlapping isotopic compositions of 
groundwater, surface water, and tile water during the drought period, in contrast to Figure 
21, which shows separation of δ18O values during normal conditions.  These changes occur 
despite the declining water table (Figure 16), perhaps due to county-scale tile drains being 
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installed at greater depths than field-scale tile drains.  Tile drainage fed solely by 
groundwater represents one end member of a continuum of interactions between tile 
drainage and other hydrologic components (Figure 22). 
Normal hydrologic conditions represent another point on this continuum.  With some 
degree of mixing between groundwater input to tile drains, surface water intakes, and 
contributions from preferential flow paths (Figure 6), the isotopic composition of tile water 
should fall between the isotopic end members of groundwater and precipitation.  Results 
seem to agree with this hypothesis, with tile water shown as a mixture of groundwater and 
precipitation (Figure 21).  Data limitations in the watershed prevent quantitative analysis 
of contributions to tile drainage, but generalized results, as in Figure 22, match work by 
Schilling and Helmers (2007), who determined contributions to tile drainage under normal 
hydrologic conditions and found groundwater contributed 75 percent of tile drainage 
discharge over a three day storm event.   
Ultimately, this research began in order to study the interactions of tile drainage under 
the last remaining hydrologic end member: peak flow events.  Without the occurrence of a 
peak flow event during the study period, we are left to make informed predictions on what 
would occur based on a limited dataset.  In contrast to the drought end member, as 
precipitation inundates the hydrologic system during a flood, tile drainage should become 
dominated by the precipitation signal.  Fortuitously, while no large-scale flood event 
occurred during the study period, a major precipitation event did occur in late May 2013.  A 
hydrograph from the South Fork River (located at Site SF450, Figure 5) showed discharge 
of nearly 4000 cfs (cubic feet per second; 113 m3/s, Figure 23) in late May 2013, the 
highest flow observed during the study period.  This event caused a significant departure 
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from the groundwater isotopic signature in both tile water and surface water in addition to 
ponded water around surface intakes (Figure 24).  These results lead to the hypothesis that 
during a flood event, precipitation will the dominant contributor to tile drains; thus, the tile 
drainage isotopic signature will closely match that of the precipitation event. 
 
Isotopic Hydrograph Separation 
The final project objective was to test the feasibility of using isotopic hydrograph 
separation (IHS) methods to calculate contributions through tile drainage to stream flow, 
under both normal and peak flow events.  A fundamental requirement for IHS is a 
statistically significant difference in isotopic compositions between the different water 
sources; the greater the difference the more certain the results (Kendall et al., 1999).  As 
observed in Figure 20, the δ18O values of different hydrologic components during the 
drought were not different and in fact strongly overlapped.  A nonparametric test of 
median difference (the Mann-Whitney test; Mann and Whitney, 1947) does not support the 
null hypothesis that the isotopic composition of groundwater and tile water are 
significantly different at the 95 percent confidence interval (α=0.05, Table 4).  The 
overlapping isotopic signature would appear to prevent the application of isotopic 
hydrograph separation techniques under drought conditions. 
However, during the normal period, water samples collected from the watershed no 
longer have a strong, overlapping isotopic signature (Figure 21). Mann-Whitney 
nonparametric tests of median difference for all hydrologic components against each other 
individually (Table 4) confirm this separation.  Some datasets needed to attempt IHS (i.e., 
streamflow discharge measurements) were not available for the watershed in time for this 
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thesis, but the isotopic results show that future IHS efforts may work during normal 
hydrologic conditions. 
Given the results for normal and drought conditions, a prediction of the feasibility of 
IHS during a peak flow event is possible, provided the tile drainage retains its unique 
isotopic signature.  Data collected from the late May 2013 precipitation event in the South 
Fork watershed suggest a unique signature between tile drainage and groundwater may 
exist.  Thorough sampling of all hydrologic components (i.e., groundwater, surface water, 
tile water, and precipitation) in a heavily monitored watershed will be needed to test the 
feasibility of IHS to better understand the complex interactions between tile drains and 
other hydrologic components during a peak flow event. 
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SUMMARY AND CONCLUSIONS 
 
In this research, it was hypothesized that there was a relationship between tile drains 
and peak flow events (floods), specifically that tile drainage increases peak flows.  This was 
tested with two primary objectives: 1) construction of watershed-scale hydrologic model, 
and 2) field sampling of all hydrologic components to better analyze interactions between 
different hydrologic components and test the feasibility of hydrograph separation. 
Construction of 3-D fully-coupled, surface water/groundwater finite-element model 
(HydroGeoSphere) of the Beaver Creek subwatershed of the South Fork watershed in 
central Iowa had promising early results.  Unfortunately, before model construction could 
be completed, convergence issues with the model posed significant challenges.  Attempts to 
fix these convergence issues ultimately proved futile, and effort directed towards other 
areas of the research. 
Sampling of stable isotopes in all hydrologic components in the watershed 
(precipitation, surface water, groundwater, and tile water) began in August 2011 with the 
intent of testing the feasibility of hydrograph separation techniques under peak flow 
conditions.  Unfortunately, rather than capturing a peak flow event, August 2011 marked 
the beginning of the Drought of 2012 that would last through April 2013.  While no peak 
flow event ultimately occurred in the watershed during the study period, the drought 
offered an opportunity to study the response of the watershed to opposite hydrologic 
extreme. 
During the peak drought period of the summer of 2012, surface water, often standing 
pools in stream beds, was effectively a closed-system, leading to strong evaporative 
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processes.  This resulted in an evaporative signal in the surface water isotopic composition.  
Tile water, however, become more depleted in 18O over the same time period, moving its 
isotopic composition toward groundwater.  This suggested that under drought conditions, 
groundwater in lower elevations is the only water source feeding tiles, despite the 
declining water table.  This is a new contribution to isotope hydrology.  Previous research 
has shown groundwater to be a large component of tile drainage during storm events 
under normal hydrologic conditions, but no research has examined the response in a 
drought. 
While no flood event occurred during the study, predictions can be made on the effect 
of tile drainage during a flood based on a large storm event that occurred in May 2013.  
During this event, the isotopic composition of tile water closely matched that of 
precipitation and surface water, leading to the conclusion that precipitation will dominate 
the hydrologic system during such an event. 
The study results demonstrate two major findings: 1) the HydroGeoSphere model 
deserves further attention, because as increasingly complex hydrologic issues are 
examined (including the effect of tile drainage), distributed parameter models offer the 
best path forward in modeling complex interactions; 2) Isotope hydrograph simulation 
may prove useful to determine the tile drainage component of peak flow events.    
Hopefully the HGS model will be improved in the near future to realize its full potential as a 
watershed-scale hydrologic model.  Future research of these hydrologic systems will be 
necessary to so that agricultural policy, informed by science and in the best interest of all 
citizens, can be made. 
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SUGGESTIONS FOR FUTURE WORK 
 
As fully-coupled distributed parameters models continue to advance, future 
examination of the hydrologic interactions between tile drains and other hydrologic 
components should continue.  HydroGeoSphere, in particular, is very much under active 
development, with the recent formation of a company to support its future growth and aid 
in assisting future users.  If the problems with convergence continue to be solved, the 
model holds great promise for better understanding watershed-scale effects of small-scale 
interactions. 
Major flood events in Iowa are unlikely to cease, and tile drainage continues to be 
updated and expanded.  The relationship between the two needs to continue to be explored 
and quantified.  Continued sampling, with the intent of capturing a flood event, is 
recommended.  Capturing data during a flood event would offer great insight into just how 
tile drainage affects the timing of these peak flows and offer the possibility of the 
hydrograph separation that was envisioned originally for this study. 
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Figure 1: Effects of tile drainage on water table elevation (Zucker and Brown, 1998) 
  
  
53 
 
Figure 2: (top)County-scale tile drain outlet to (bottom) surface drainage ditch near Lake 
Cairo in north-central Iowa.  Note persons for scale. Photos by W. W. Simpkins. 
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Figure 3: Percentage of land using subsurface drainage in the Midwest.  The South Fork watershed is 80% drained. 
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Figure 4: Map of 2010 flood inundation of Ames, IA, with previous and updated FEMA 100-year flood area of effect 
predictions.  Photo from the City of Ames Flood Mitigation Study.  
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Figure 5: Location of the South Fork watershed in Iowa, approximately 50 km north of Ames, IA.  The three main 
subwatersheds are also shown, in addition to groundwater, surface water, tile water, and precipitation sampling sites.  
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Figure 6: Diagrams showing the three methods through which tiles drain water: 1) surface intakes prevent ponding at the 
ground surface; 2) tiles drain water below the water table (i.e., saturated conditions); and 3) macropore / preferential flow 
under saturated conditions.  
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Figure 7: Location of end moraines from the Wisconsinan glaciation in the South Fork watershed. 
59 
 
 
 
Figure 8: Quaternary stratigraphy of Iowa (modified from Prior, 1991).  Units encountered 
in the watershed include Dows Formation Wisconsinan till, Peoria loess, Pre-Illinoian till, 
Noah Creek Formation, and DeForest Formation alluvium. 
, Noah Creek 
Fm. 
, Peoria loess 
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Figure 9: An early hydrograph separation by (Sklash et al., 1976) performed through the use of conservative tracers (δ18O and 
electrical conductivity).  
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Figure 10: Precipitation samples collected in the watershed plotted against a local 
meteoric water line developed for Ames, IA by Simpkins et al. (in prep). 
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Figure 11: A 2-D finite-element mesh of the Beaver Creek subwatershed with finer nodal 
spacing near the stream reaches and coarser nodal spacings along the watershed boundary. 
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Figure 12: A 3-D finite-element mesh of the Beaver Creek subwatershed created by 
HydroGeoSphere through applying topographic DEMs to the 2-D finite-element mesh of 
Figure 11. 
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Figure 13: The saved set of hydraulic head values (represented as depth from ground 
surface to water table) used in simulations of Beaver Creek. 
DepthToWT 
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Figure 14: Characteristic wetting front observed during a model simulation.  Saturation is shown with (left) values at the 
model start (t = 0s), and (right) saturation values after several hours of precipitation (t = 10000s, precipitation rate = 0.5 
in/day). 
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Figure 15: Progress of the Drought of 2012 and drought severity in the South Fork watershed from May 2011 to August 2013.  
Data compiled from the US National Drought Monitor (http://droughtmonitor.unl.edu).  
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Figure 16: Water-table elevation at Site E during the study period.  Location on Figure 5.
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Figure 17: Isotopic data for all analyzed samples plotted against a LMWL developed for 
Ames, IA (Simpkins et al., in prep).  Surface water samples follow an evaporative trend in 
the summer of 2012 with an equation of δ2H = 4.4 * δ18O – 15.8. 
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Figure 18: Time series of date of collection vs. δ18O values from November 2011 – August 
2013.  The evaporative trend seen in Figure 17 is visible in July and August 2012. 
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Figure 19: Monthly precipitation from Eldora, IA, located near the mouth of the watershed (Figure 5), for 2012 and the prior 
30-year mean.
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Figure 20: Box-and-whisker plot for the drought period in the South Fork watershed.  
Medians are shown by the girdled value and end of box shows quartile values.  
Groundwater, tile water, and surface water all show strongly overlapping δ18O values.  Top 
plot shows all hydrologic components; bottom plot excludes precipitation to match Figure 
21. 
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Figure 21: Box-and-whisker plot for the normal hydrologic period in the South Fork 
watershed.  In contrast to the drought period in Figure 20, each hydrologic component has 
a unique δ18O value during the normal hydrologic period. 
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Figure 22: Schematic diagram showing relative contributions from groundwater and precipitation to tile drainage under 
differing hydrologic conditions.  Drought and normal hydrologic conditions were observed during the study period; 
contributions to tile drainage during a peak flow event are predicted for those conditions.
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Figure 23: Discharge at site SF450 (Figure 5) from the South Fork of the Iowa River, 
downstream from the confluence with Tipton Creek.  The storm event in late May 2013 
caused a dramatic increase in stream discharge, and tile and surface water isotope samples 
both strongly departed from the groundwater isotopic composition during this event. 
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Figure 24: Ponding over a surface intake (orange plastic) in the South Fork watershed after a large storm event (May 27, 
2013).  This event caused the largest stream discharge during the study period.  Photo by Alexander Morrison. 
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Table 1. Hydraulic conductivity measurements for geologic units present in the South Fork watershed. 
Reference Measurement Method Unit Hydraulic Conductivity 
Seo, 1996 Slug Test Dows Fm. 
Oxidized Alden Member 
2×10-6 m/s (Geometric Mean) 
Seo, 1996 
 
Slug Test Dows Fm. 
Unoxidized Alden Member 
6×10-9 m/s (Geometric Mean) 
Seo, 1996 Pumping Test Dows Fm. 
Oxidized Alden Member 
1×10-5 m/s 
Simpkins, 2006 Slug Test Dows Fm. 
Oxidized Wisconsin Till 
(likely Morgan Member) 
4.5×10-6 m/s 
Simpkins, 2006 Slug Test Dows Fm. 
Unoxidized Wisconsinan Till 
(likely Alden Member) 
1.2×10-7 m/s 
Seo, 1996 Slug Test Unoxidized Peoria Loess 1×10-9 m/s 
(Simpkins and Parkin, 1993) Slug Test Unoxidized Peoria Loess 3.5×10-8 m/s 
(Simpkins, 2006) Slug Test Unoxidized Peoria Loess 1.2×10-7 m/s 
Seo, 1996 Slug Test Unoxidized Loess (likely Peoria 
Loess) 
1.4×10-7 to 8.9×10-5 m/s 
Seo, 1996 Slug Test Oxidized Pre-Illinoian Till 4×10-7 m/s 
Seo, 1996 Slug Test Unoxidized Pre-Illinoian Till 7×10-10 m/s 
Seo, 1996 Pumping Test Oxidized Pre-Illinoian Till 1×10-7 m/s 
(Bruner and Lutenegger, 
1994) 
Field/Laboratory K 
Measurements 
Oxidized Pre-Illinoian Till 
Wolf Creek Formation 
1.72×10-7 m/s 
Schilling et al. (2001) Slug Test Unoxidized Pre-Illinoian Till 3.4×10-8 m/s 
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Table 2. Modeling studies that use hydrograph separation techniques to examine the relationship between tile drainage and 
precipitation events. 
Paper Location Event Details Notes  Hydrograph 
Separation 
Model Results 
Jaynes, D.B. et al., 
2001 
Soil Science Society of 
America Journal 
“Temporal Dynamics 
of Preferential Flow 
to a Subsurface 
Drain” 
24.4m x 42.7m 
field plot 
Non-flood, 
Irrigation 
6/30, 11.4 hrs 
 
4.76cm water 
applied 
Ponding 
observed in 
wheel tracks 
after 6 hrs 
Conservative tracers, 
peaked at 1.5 days after 
irrigation start. 
 
Tracers: Br, PF, DF, TF 
HYDR
–US–
2D 
Tile discharge responded 
6hrs after start of 
irrigation.  Peaked at 
0.8mm/hr. 
Winston, W.E. and 
R.E. Criss, 2002 
Journal of Hydrology 
“Geochemical 
variations during 
flash flooding, 
Meramec River 
basin…” 
Meramec River, 
Franklin County, 
Missouri 
 
Bourbeuse River 
Big River 
 
4.1 x 105 ha (1.013 
x 106 acres)  
Flood event 
May 7, 2000 
 
Average rainfall: 
12.7–39.9cm over 
13 hours 
Temp, specific 
conductivity, 
turbidity, pH, 
major ion 
concentrations, 
δ18O 
monitored 
Oxygen isotope ratios 
used (to distinguish 
between event and pre-
event water). 
Major ions used to 
corroborate baseflow 
calculations from 
oxygen isotope ratios. 
N/A At peak flow: 70% – 
100% originated as event 
water. 
 
Typical event water <50% 
of flood discharge. 
Rodgers, P. et al., 
2005 
Hydrology and Earth 
System Science 
“Using stable isotope 
tracers to assess 
hydrological flow 
paths, residence…” 
River Feugh 
catchment, NE 
Scotland 
 
23300 ha (576 
acres) 
Non-flood 
 
Storm events 
 
2001–2002 
hydrologic year 
Significant 
δ18O seasonal 
variation, 
allowed use in 
inferring 
influence of 
storm-derived 
soil flows 
Classical two-
component mixing 
model 
 
Residence times 
modeled with sine wave 
method. 
N/A Streamwater δ18O 
measurements on 
mesoscale catchments 
“effectively integrate the 
influence of these complex 
catchment heterogeneities 
as well as indicating the 
relative importance of 
different sources in runoff 
production.” 
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Table 2 continued.      
Li, Q. et al., 2008 
Journal of Hydrology 
“Simulating the 
multi-seasonal 
response of a large-
scale watershed…” 
Duffins Creek near 
Toronto, AB 
 
28600 ha (70800 
acres) 
Non-flood 
Calibrated from 
4/86 – 12/86 
 
Model prediction 
tested in 1987 
“This trend 
implies that 
the model 
tends to place 
more of the 
discharge into 
the tail of a 
given 
hydrograph 
rather than 
into the peak.” 
HGS used to predict 
hydrographs. 
HGS “the model was able to 
reproduce the annual 
average stream flows for 
1987, [but] it was unable 
to adequately reproduce 
detailed features of 
individual hydrographs” 
mainly due to 
evapotranspiration 
changes. 
Schilling, K. and 
Helmers, M. 2008 
Hydrological 
Processes 
“Effects of subsurface 
drainage tiles on 
streamflow in 
Iowa…” 
Walnut Creek 
watershed, Story 
County, Iowa 
 
5130 ha (12680 
acres) 
Non-flood 
6 year monitoring 
period 
N/A PART used on 
DRAINMOD simulations. 
 
RECESS used to model 
discharge recession. 
DRAIN
MOD 
Drainflow: 95% of average 
total flow 
DRAINMOD consistent 
with field monitoring. 
Rozemeijer et al. 
2010 
Water Resources 
Research 
“Integrated modeling 
of groundwater-
surface water…” 
 
Hupsel catchment, 
Eastern 
Netherlands 
 
0.9 ha (2.2 acres) 
grass field in 38 ha 
(94 acres) 
subcatchment 
Non-flood 
3/20 – 3/22/2008 
Single, isolated 
rainfall event.  
Tile drain 
effluent sent 
into 500L 
vessel. 
N/A 
Water physically 
separated. 
HGS Pre-event tile drain 
contribution to total ditch 
discharge: ~80% 
 
Maximum ditch discharge 
tile contributions: 28% 
 
Over 3-day period, tile 
contributions to ditch 
discharge: 
HGS: 58% 
Measured: 56% 
 
 
 
 
 
 
 
      
  
7
9
 
      
Table 2 continued.      
Rozemeijer et al., 
2010 
Environmental 
Pollution 
“Direct 
measurements of the 
tile drain and 
groundwater flow…” 
Experimental field, 
Hupsel catchment, 
Eastern 
Netherlands 
 
6.64 ha (1641 
acres) 
Non-flood 
Multi-month 
monitoring 
periods. 
N/A N/A 
Physically separated 
N/A 11/2007 – 10/2008: 
Drainflow: average 80% 
ditch discharge 
 
11/2007 – 4/2008: 
Drainflow: average 83% 
ditch discharge 
 
Contribution decreased 
with major rainfall events 
Tomer, M.D. et al. 
2010 
JEQ 
“Source-Pathway 
Separation of 
Multiple 
Contaminants…” 
Tipton Creek, 
Hardin County, 
Iowa 
 
85% tile drained 
 
19850 ha (49050 
acres) 
Non-flood 
9/10 – 9/11 2006 
26 hour rainfall 
event 
 
116mm of rainfall 
Stream gauge. 
 
Carousel-type 
sampler.  Most 
intervals > 3h. 
“essentially a dual-
mixing model for NO3–N 
and total P” 
 
Difference in timing of 
dominant pathways: 
NO3–N via subsurface 
drainage, P via surface 
runoff. 
 
Some macropore flow 
included in intake flows 
 some lumping of 
pathways. 
SWAT At watershed outlet, 
drainflow: 
68.6% 
 
SWAT Model predicted 
drainflow: 
71% 
Stewart, Michael K. 
et al., 2010 
Hydrological 
Processes 
“Truncation of 
stream resident time: 
how the use of 
stable…” 
Case studies: New 
Zealand, Bavaria, 
Germany. 
Non-flood 
Varied: springs, 
runoff, event. 
N/A 18O, 3H 
 
“focus on streamwater 
residence time deduced 
from 18O studies has 
truncated our view of 
streamwater residence 
time and skewed our 
understanding of how 
catchments store and 
transmit water.” 
N/A When tritium is analyzed, 
it becomes clear 
groundwater contributes 
larger volumes of water to 
streams then previously 
believed. 
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Table 3. Hydraulic head measurements from the South Fork watershed.  All measurements are in meters above sea level. 
Date G13 G20 A15 A23 B14 B29  
10/25/2011 371.27 369.86 Dry Dry 359.38 359.39  
12/10/2011 --- --- --- --- --- ---  
1/27/2012 371.20 369.43 375.30 373.41 359.19 359.20  
3/8/2012 371.19 369.34 Dry 373.08 359.22 359.23  
4/29/2012 Inaccessible Inaccessible Dry 372.80 359.44 359.44  
6/6/2012 Inaccessible Inaccessible Dry 372.60 359.63 359.64  
7/27/2012 Inaccessible Inaccessible Dry Dry 359.23 359.23  
8/21/2012 Inaccessible Inaccessible Dry Dry 358.92 358.93  
10/9/2012 Dry 369.03 Dry Dry 358.57 358.58  
11/17/2012 Dry 369.02 Dry Dry 358.45 358.45  
12/15/2012 Dry 369.03 Dry Dry 358.38 358.39  
1/9/2013 Dry 369.02 Dry Dry 358.34 358.35  
3/15/2013 Dry 369.02 Dry Dry 358.30 358.31  
4/30/2013 Dry 369.02 Dry Dry 358.98 358.98  
6/5/2013 372.97 372.51 375.54 Dry 361.09 361.11  
7/29/2013 371.87 372.08 376.27 376.00 360.27 360.27  
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Table 3 continued.       
Date C15 C20 C28 H14 H21 I13 I20 
10/25/2011 357.88 357.52 355.81 356.70 356.47 Dry Dry 
12/10/2011 357.88 357.38 355.71 356.87 356.52 353.75 353.70 
1/27/2012 357.92 357.31 355.71 356.77 356.53 353.66 353.61 
3/8/2012 357.79 357.11 355.66 357.35 356.72 353.82 353.77 
4/29/2012 357.79 357.16 356.08 357.45 356.84 354.19 354.12 
6/6/2012 358.18 357.64 356.37 357.32 357.09 354.19 354.20 
7/27/2012 357.94 357.62 356.15 356.76 356.63 353.80 353.80 
8/21/2012 357.86 357.48 355.55 356.26 356.19 353.37 353.38 
10/9/2012 357.54 357.16 355.03 355.89 355.78 353.03 352.99 
11/17/2012 357.47 356.96 354.80 356.30 355.95 353.13 353.05 
12/15/2012 357.43 356.92 354.44 356.24 355.86 353.15 353.08 
1/9/2013 357.43 356.64 354.59 356.22 355.91 353.15 353.07 
3/15/2013 Dry 356.68 354.47 357.46 356.22 353.80 353.76 
4/30/2013 357.68 357.26 355.78 358.27 357.45 355.01 354.74 
6/5/2013 359.25 358.78 357.70 358.10 357.70 355.33 355.42 
7/29/2013 358.62 358.22 356.90 357.51 357.13 354.46 354.52 
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Table 3 continued.       
Date D13 D20 J13 J23 K12 K18  
10/25/2011 357.75 357.55 Dry Dry Dry Dry  
12/10/2011 --- 357.47 346.68 346.48 335.51 335.47  
1/27/2012 357.48 357.65 346.62 346.43 335.43 335.41  
3/8/2012 357.82 357.65 347.03 346.71 335.74 335.68  
4/29/2012 358.26 358.05 347.53 347.25 335.96 335.90  
6/6/2012 Inaccessible Inaccessible Removed Removed 335.61 335.61  
7/27/2012 Inaccessible Inaccessible Removed Removed 335.06 335.05  
8/21/2012 357.47 357.60 Removed Removed 334.45 334.45  
10/9/2012 Dry 357.06 Removed Removed 334.30 334.28  
11/17/2012 Dry 356.83 Removed Removed 334.72 334.70  
12/15/2012 Dry 356.73 Removed Removed 334.70 334.69  
1/9/2013 Dry 356.63 Removed Removed 334.71 334.66  
3/15/2013 Dry 356.60 Removed Removed 335.62 335.48  
4/30/2013 358.13 357.73 Removed Removed 336.54 336.40  
6/5/2013 360.22 360.10 Removed Removed 336.22 336.15  
7/29/2013 359.15 359.08 Removed Removed 336.03 335.97  
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Table 3 continued. 
      
Date F11 F20 L47 E20 E26   
10/25/2011 Dry Dry Dry 344.91 344.86 
  
12/10/2011 316.94 316.93 283.93 344.92 344.71 
  
1/27/2012 316.86 316.85 283.84 Dry 344.62 
  
3/8/2012 317.07 317.03 283.81 Dry 344.56 
  
4/29/2012 316.82 317.08 283.92 Dry 344.66 
  
6/6/2012 316.96 316.94 283.85 Dry 344.93 
  
7/27/2012 316.46 316.45 283.72 Dry 344.92 
  
8/21/2012 315.80 315.81 283.59 Dry 344.76 
  
10/9/2012 315.54 315.54 Inaccessible Dry 344.58 
  
11/17/2012 315.54 315.55 283.51 Dry 344.47 
  
12/15/2012 315.55 315.56 283.48 Dry 344.42 
  
1/9/2013 315.55 315.56 283.50 Dry 344.35 
  
3/15/2013 317.18 317.16 Inaccessible Dry 344.24 
  
4/30/2013 317.28 317.21 Inaccessible Dry 344.23 
  
6/5/2013 317.46 317.37 Inaccessible 345.12 345.16 
  
7/29/2013 317.05 317.01 Inaccessible 345.38 345.44 
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Table 4. Statistical significance of hydrologic components from a Mann-Whitney test 
(α=0.05) of median differences under normal and drought conditions in the South Fork 
watershed. S = Supports hypothesis of unique populations; NS = Does not support 
hypothesis of unique populations. 
 
Normal Conditions       
 
Groundwater Surface Water Tile Water Precipitation 
Groundwater --- S S S 
Surface Water --- --- S S 
Tile Water --- --- --- S 
Precipitation --- --- --- --- 
     Drought Conditions       
 
Groundwater Surface Water Tile Water Precipitation 
Groundwater --- S NS S 
Surface Water --- --- S S 
Tile Water --- --- --- S 
Precipitation --- --- --- --- 
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APPENDIX A 
 
Isotopic composition (δ18O and δ2H) of water samples from the South Fork 
watershed. 
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Date Time Site Type 
δ18O 
(VSMOW) 
δ2H  
(VSMOW) 
Uncertainty 
δ18O 
Uncertainty 
δ2H 
09/02/2011 12:30 TC323 Surface -6.99 -47.39 0.12 0.34 
09/02/2011 13:05 SF450 Surface -6.10 -43.28 0.12 0.34 
09/02/2011 13:18 BC350 Surface -7.05 -46.88 0.12 0.48 
09/02/2011 14:14 SF400 Surface -4.76 -36.07 0.12 0.34 
09/02/2011 14:41 TC241 Tile -8.19 -52.99 0.12 0.34 
09/02/2011 15:03 TC242-D Surface -7.23 -48.45 0.12 0.34 
09/02/2011 15:03 TC242-T Tile -8.08 -52.31 0.12 0.34 
10/25/2011 9:41 G20 Groundwater -10.20 -67.98 0.10 0.57 
10/25/2011 10:02 B14 Groundwater -9.06 -59.17 0.10 0.57 
10/25/2011 10:07 B29 Groundwater -8.95 -58.41 0.10 0.57 
10/25/2011 10:30 C15 Groundwater -8.94 -60.36 0.10 0.57 
10/25/2011 10:32 C20 Groundwater -7.94 -52.58 0.10 0.57 
10/25/2011 10:35 C28 Groundwater -7.79 -50.77 0.10 0.57 
10/25/2011 10:53 H14 Groundwater -8.54 -55.73 0.10 0.57 
10/25/2011 10:57 H21 Groundwater -7.39 -46.95 0.10 0.57 
10/25/2011 11:25 D13 Groundwater -7.30 -45.77 0.10 0.57 
10/25/2011 11:30 D20 Groundwater -7.16 -45.82 0.10 0.57 
10/25/2011 11:59 E26 Groundwater -8.50 -54.84 0.10 0.57 
11/09/2011 13:10 BC350 Surface -10.17 -69.99 0.02 0.36 
11/09/2011 14:30 SF400 Surface -8.44 -60.86 0.02 0.36 
11/09/2011 12:40 SF450 Surface -9.54 -66.55 0.02 0.36 
11/09/2011 14:10 TC241 Tile -11.05 -75.28 0.02 0.36 
11/09/2011 13:45 TC242 Tile -12.15 -83.43 0.02 0.36 
11/09/2011 12:05 TC323 Surface -9.87 -68.64 0.02 0.36 
11/16/2011 14:20 BC350 Surface -8.60 -57.74 0.02 0.36 
11/16/2011 16:40 SF400 Surface -9.19 -66.01 0.02 0.36 
11/16/2011 14:50 SF450 Surface -7.96 -54.21 0.02 0.36 
11/16/2011 16:30 TC241 Tile -8.41 -54.37 0.02 0.36 
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11/16/2011 16:00 TC242 Tile -8.42 -54.33 0.02 0.36 
11/16/2011 13:10 TC323 Surface -8.20 -55.62 0.02 0.36 
11/21/2011 12:20 TC323 Surface -8.08 -54.00 0.03 0.40 
11/21/2011 13:24 SF400 Surface -8.71 -61.94 0.03 0.40 
11/21/2011 13:24 TC242 Tile -8.44 -54.11 0.03 0.40 
11/21/2011 11:00 SF450 Surface -7.88 -53.02 0.03 0.40 
11/21/2011 11:30 BC350 Surface -8.12 -52.95 0.03 0.40 
11/21/2011 13:40 TC241 Tile -8.44 -54.23 0.03 0.40 
11/29/2011 13:30 TC241 Tile -8.44 -54.19 0.03 0.40 
11/29/2011 12:30 BC350 Surface -7.93 -51.71 0.03 0.40 
11/29/2011 14:00 SF400 Surface -8.43 -58.52 0.03 0.40 
11/29/2011 13:15 TC242 Tile -8.41 -54.08 0.03 0.40 
11/29/2011 11:00 SF450 Surface -7.82 -52.34 0.03 0.40 
11/29/2011 12:45 TC323 Surface -8.05 -52.93 0.03 0.40 
12/05/2011 14:50 TC242 Tile -8.61 -55.19 0.03 0.40 
12/05/2011 12:40 TC323 Surface -8.47 -54.93 0.03 0.40 
12/05/2011 14:50 TC240P Precipitation -12.21 -74.88 0.03 0.40 
12/05/2011 13:20 BC350 Surface -8.49 -55.05 0.03 0.40 
12/05/2011 14:30 TC241 Tile -8.43 -54.42 0.03 0.40 
12/05/2011 13:05 SF450 Surface -8.32 -54.84 0.03 0.40 
12/05/2011 14:10 SF400 Surface -8.61 -58.07 0.03 0.40 
12/07/2011 13:20 SF400 Rain Gauge Precipitation -11.88 -72.92 0.03 0.40 
12/10/2011 11:21 C15 Groundwater -8.97 -60.34 0.03 0.40 
12/10/2011 11:26 C20 Groundwater -7.96 -52.72 0.03 0.40 
12/10/2011 13:20 D20 Groundwater -7.20 -45.32 0.03 0.40 
12/10/2011 16:18 E26 Groundwater -8.53 -54.56 0.03 0.40 
12/10/2011 15:08 F11 Groundwater -9.62 -62.43 0.03 0.40 
12/10/2011 15:13 F20 Groundwater -8.43 -54.64 0.03 0.40 
12/10/2011 12:08 H14 Groundwater -8.50 -54.58 0.03 0.40 
12/10/2011 12:40 I13 Groundwater -8.96 -57.61 0.03 0.40 
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12/10/2011 12:45 I20 Groundwater -7.11 -44.56 0.03 0.40 
12/10/2011 13:57 J13 Groundwater -9.20 -59.85 0.03 0.40 
12/10/2011 14:02 J23 Groundwater -8.96 -58.07 0.03 0.40 
12/10/2011 14:27 K12 Groundwater -8.43 -53.07 0.03 0.40 
12/10/2011 14:32 K18 Groundwater -8.08 -52.53 0.03 0.40 
12/19/2011 11:55 TC242 Tile -8.58 -55.08 0.03 0.40 
12/19/2011 12:00 TC241 Tile -8.44 -54.19 0.03 0.40 
12/19/2011 13:10 TC323 Surface -8.25 -53.17 0.03 0.40 
12/19/2011 12:40 SF450 Surface -8.12 -52.73 0.03 0.40 
12/19/2011 12:50 BC350 Surface -8.26 -52.83 0.03 0.40 
12/19/2011 11:00 SF400 Surface -8.82 -56.98 0.03 0.40 
12/28/2011 14:25 TC242 Tile -8.65 -55.13 0.15 0.41 
12/28/2011 14:22 TC241 Tile -8.53 -54.50 0.15 0.41 
12/28/2011 11:30 SF450 Surface -8.38 -54.12 0.15 0.41 
12/28/2011 12:00 BC350 Surface -8.25 -53.01 0.15 0.41 
12/28/2011 13:00 TC323 Surface -8.28 -53.13 0.15 0.41 
12/28/2011 13:30 SF400 Surface -8.87 -57.33 0.15 0.41 
01/06/2012 11:20 TC323 Surface -8.40 -54.17 0.15 0.41 
01/06/2012 13:10 TC242 Tile -8.59 -54.75 0.15 0.41 
01/06/2012 11:00 BC350 Surface -8.42 -54.32 0.15 0.41 
01/06/2012 10:44 SF450 Surface -8.47 -55.56 0.15 0.41 
01/06/2012 12:50 TC241 Tile -8.47 -54.37 0.15 0.41 
01/06/2012 12:05 SF400 Surface -9.93 -66.94 0.15 0.41 
01/10/2012 10:22 TC323 Surface -8.28 -53.78 0.15 0.41 
01/10/2012 11:10 BC350 Surface -8.28 -53.26 0.15 0.41 
01/10/2012 12:40 TC242 Tile -8.54 -54.63 0.15 0.41 
01/10/2012 10:48 SF450 Surface -8.32 -54.23 0.15 0.41 
01/10/2012 12:00 TC241 Tile -8.48 -54.30 0.15 0.41 
01/10/2012 13:45 SF400 Surface -9.16 -60.59 0.15 0.41 
01/19/2012 12:25 TC323 Surface -8.67 -56.13 0.07 0.24 
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01/19/2012 13:00 SF450 Surface -8.73 -56.64 0.07 0.24 
01/19/2012 13:15 BC350 Surface -8.48 -54.27 0.07 0.24 
01/19/2012 14:20 SF400 Precip Precipitation -17.05 -147.63 0.07 0.24 
01/19/2012 14:36 TC242 Tile -8.54 -54.32 0.07 0.24 
01/19/2012 14:40 TC241 Tile -8.45 -54.01 0.07 0.24 
01/19/2012 12:00 SF400 Surface -9.48 -62.18 0.07 0.24 
01/26/2012 10:10 SF400 Surface -9.14 -60.16 0.07 0.24 
01/26/2012 10:10 SF400 Precip Precipitation -18.34 -134.30 0.07 0.24 
01/26/2012 10:40 TC241 Tile -8.44 -54.10 0.07 0.24 
01/26/2012 11:00 TC240P (Wet/Dry Precip) Precipitation -12.41 -84.55 0.07 0.24 
01/26/2012 11:00 TC242 Tile -8.47 -54.33 0.07 0.24 
01/26/2012 13:00 BC350 Surface -8.21 -52.65 0.07 0.24 
01/26/2012 14:10 SF450 Surface -8.30 -53.77 0.07 0.24 
01/26/2012 14:40 TC323 Surface -8.52 -55.07 0.07 0.24 
01/27/2012 8:58 A23 Groundwater -8.32 -53.56 0.10 0.38 
01/27/2012 9:30 B14 Groundwater -9.05 -57.99 0.10 0.38 
01/27/2012 9:35 B29 Groundwater -9.04 -58.44 0.10 0.38 
01/27/2012 10:02 C15 Groundwater -9.06 -60.21 0.10 0.38 
01/27/2012 10:16 C20 Groundwater -8.04 -52.75 0.10 0.38 
01/27/2012 11:55 D20 Groundwater -7.24 -45.47 0.10 0.38 
01/27/2012 14:57 E26 Groundwater -8.59 -54.84 0.10 0.38 
01/27/2012 13:43 F11 Groundwater -9.79 -64.06 0.10 0.38 
01/27/2012 13:47 F20 Groundwater -8.56 -54.82 0.10 0.38 
01/27/2012 8:25 G20 Groundwater -10.18 -66.70 0.10 0.38 
01/27/2012 10:40 H14 Groundwater -8.56 -54.72 0.10 0.38 
01/27/2012 10:44 H21 Groundwater -7.46 -46.61 0.10 0.38 
01/27/2012 11:14 I13 Groundwater -8.84 -56.84 0.10 0.38 
01/27/2012 11:20 I20 Groundwater -7.17 -44.65 0.10 0.38 
01/27/2012 12:20 J13 Groundwater -9.21 -59.61 0.10 0.38 
01/27/2012 12:31 J23 Groundwater -9.04 -58.19 0.10 0.38 
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01/27/2012 13:00 K12 Groundwater -8.43 -53.18 0.10 0.38 
01/27/2012 13:04 K18 Groundwater -8.19 -52.78 0.10 0.38 
01/27/2012 14:17 L47 Groundwater -8.68 -55.29 0.10 0.38 
01/31/2012 14:50 SF400 Surface -9.16 -59.94 0.07 0.24 
01/31/2012 15:10 TC241 Tile -9.33 -61.51 0.07 0.24 
01/31/2012 15:10 TC242 Tile -13.91 -97.34 0.07 0.24 
02/06/2012 10:45 TC323 Surface -8.73 -57.86 0.07 0.24 
02/06/2012 11:45 SF450 Surface -8.68 -57.01 0.07 0.24 
02/06/2012 12:00 BC350 Surface -8.67 -56.66 0.07 0.24 
02/06/2012 13:35 SF400 Surface -10.31 -69.43 0.07 0.24 
02/06/2012 14:00 TC241 Tile -8.61 -55.95 0.07 0.24 
02/06/2012 14:30 TC242 Tile -8.85 -57.21 0.07 0.24 
02/14/2012 10:15 BC350 Surface -8.47 -54.47 0.04 0.26 
02/14/2012 11:00 SF450 Surface -8.79 -57.63 0.04 0.26 
02/14/2012 11:40 TC323 Surface -8.59 -55.81 0.04 0.26 
02/14/2012 13:20 SF400 Precip Precipitation -15.80 -114.74 0.05 0.22 
02/14/2012 13:20 SF400 Stream Grab Surface -9.75 -65.73 0.04 0.26 
02/14/2012 14:07 TC241 Tile -8.64 -55.02 0.05 0.22 
02/14/2012 14:25 TC242 Precip Precipitation -15.56 -115.70 0.05 0.22 
02/14/2012 14:25 TC242 Tile Tile -8.87 -56.87 0.04 0.26 
02/22/2012 10:40 TC323 Surface -8.56 -56.07 0.04 0.26 
02/22/2012 11:10 SF450 Surface -8.47 -56.78 0.04 0.26 
02/22/2012 11:30 BC350 Surface -8.35 -54.69 0.04 0.26 
02/22/2012 12:20 SF400 Precip Precipitation -11.60 -100.30 0.04 0.26 
02/22/2012 12:30 SF400 Stream Surface -9.24 -61.72 0.04 0.26 
02/24/2012 13:30 SF400 Precip Precipitation -21.96 -170.03 0.05 0.22 
02/24/2012 14:00 TC241 Tile -8.76 -56.72 0.05 0.22 
02/24/2012 14:20 TC242 Precip Precipitation -8.95 -58.36 0.05 0.22 
02/24/2012 14:20 TC242 Tile -9.05 -59.13 0.04 0.26 
03/02/2012 14:00 BC350 Surface -8.97 -57.75 0.04 0.26 
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03/02/2012 12:15 TC323 Surface -9.06 -59.33 0.04 0.26 
03/02/2012 13:30 SF450 Surface -8.85 -58.54 0.04 0.26 
03/03/2012 9:20 SF400 Precip Precipitation -6.61 -41.44 0.04 0.26 
03/03/2012 9:20 SF400 Surface -9.18 -60.67 0.04 0.26 
03/03/2012 9:45 TC240P Wet/Dry Precip Precipitation -6.93 -44.77 0.04 0.26 
03/03/2012 9:45 TC242 Tile -9.20 -60.08 0.04 0.26 
03/03/2012 10:00 TC241 Tile -8.65 -56.24 0.04 0.26 
03/06/2012 12:05 TC241 Tile -8.64 -55.54 0.05 0.22 
03/06/2012 12:45 TC242 Tile -10.49 -70.27 0.04 0.26 
03/06/2012 13:05 SF400 Surface -9.18 -60.60 0.04 0.26 
03/06/2012 14:10 BC350 Surface -8.55 -55.99 0.04 0.26 
03/06/2012 14:25 SF450 Surface -8.69 -57.55 0.04 0.26 
03/06/2012 14:50 TC323 Surface -8.72 -57.15 0.04 0.26 
03/07/2012 9:00 SF450 Surface -8.79 -57.26 0.05 0.22 
03/07/2012 9:30 BC350 Surface -8.64 -55.87 0.05 0.22 
03/07/2012 10:00 TC323 Surface -8.66 -56.40 0.05 0.22 
03/07/2012 10:50 SF400 Surface -9.29 -61.61 0.05 0.22 
03/07/2012 10:55 SF400 Precip (0.03in) Precipitation -2.10 -39.25 0.05 0.22 
03/07/2012 11:32 TC242 Tile -9.71 -63.31 0.05 0.22 
03/07/2012 11:50 TC241 Tile -9.40 -61.00 0.05 0.22 
03/08/2012 8:26 G20 Groundwater -10.04 -66.13 0.07 0.24 
03/08/2012 8:44 A23 Groundwater -8.27 -52.94 0.07 0.24 
03/08/2012 9:10 B14 Groundwater -8.91 -57.23 0.07 0.24 
03/08/2012 9:15 B29 Groundwater -9.05 -58.34 0.07 0.24 
03/08/2012 9:38 C15 Groundwater -8.80 -59.51 0.07 0.24 
03/08/2012 9:42 C20 Groundwater -7.94 -52.28 0.07 0.24 
03/08/2012 9:46 C28 Groundwater -7.85 -50.21 0.07 0.24 
03/08/2012 10:10 H14 Groundwater -8.35 -54.41 0.07 0.24 
03/08/2012 10:15 H21 Groundwater -7.31 -46.45 0.07 0.24 
03/08/2012 10:39 I13 Groundwater -8.77 -55.75 0.07 0.24 
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03/08/2012 10:44 I20 Groundwater -7.09 -44.28 0.07 0.24 
03/08/2012 11:15 D20 Groundwater -7.19 -45.35 0.07 0.24 
03/08/2012 11:46 J13 Groundwater -9.07 -59.66 0.07 0.24 
03/08/2012 11:50 J23 Groundwater -8.97 -58.11 0.07 0.24 
03/08/2012 12:14 K12 Groundwater -8.34 -52.77 0.07 0.24 
03/08/2012 12:19 K18 Groundwater -8.17 -52.69 0.07 0.24 
03/08/2012 12:45 F11 Groundwater -9.84 -64.25 0.07 0.24 
03/08/2012 12:50 F20 Groundwater -8.47 -54.51 0.07 0.24 
03/08/2012 13:12 L47 Groundwater -8.35 -53.78 0.07 0.24 
03/08/2012 13:48 E26 Groundwater -8.58 -54.63 0.07 0.24 
03/13/2012 9:00 BC350 Surface -8.63 -56.48 0.05 0.22 
03/13/2012 9:35 SF450 Surface -8.74 -57.85 0.05 0.22 
03/13/2012 9:55 TC323 Surface -8.69 -56.88 0.05 0.22 
03/13/2012 10:55 SF400 Surface -9.21 -61.97 0.05 0.22 
03/13/2012 11:45 TC240 Precip Precipitation -6.66 -52.11 0.05 0.22 
03/13/2012 11:45 TC242 Tile -9.05 -58.00 0.05 0.22 
03/13/2012 11:53 TC241 Tile -8.21 -54.63 0.05 0.22 
03/22/2012 9:35 TC323 Surface -8.01 -50.43 0.05 0.22 
03/22/2012 10:00 SF450 Surface -7.67 -49.15 0.05 0.22 
03/22/2012 10:20 BC350 Surface -7.95 -50.09 0.05 0.22 
03/22/2012 12:10 SF400 Precip Precipitation -3.16 -10.63 0.05 0.22 
03/22/2012 12:10 SF400 Surface -7.79 -50.06 0.05 0.22 
03/22/2012 12:50 TC242 Precip Precipitation -3.23 -13.81 0.05 0.22 
03/22/2012 12:50 TC242 Tile Tile -8.83 -57.10 0.05 0.22 
03/22/2012 12:50 TC240P Precipitation -3.20 -13.37 0.05 0.22 
03/22/2012 14:00 TC241 Tile -8.33 -53.47 0.05 0.22 
03/29/2012 11:00 TC242 Tile -8.61 -55.50 0.08 0.45 
03/29/2012 11:10 SF400 Surface -7.91 -52.54 0.08 0.45 
03/29/2012 11:15 TC241 Tile -8.46 -53.83 0.08 0.45 
03/29/2012 11:54 TC323 Surface -8.06 -52.09 0.08 0.45 
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03/29/2012 12:30 SF450 Surface -7.44 -49.69 0.08 0.45 
03/29/2012 12:50 BC350 Surface -8.09 -52.21 0.08 0.45 
04/03/2012 9:50 SF400 Precip Precipitation -3.87 -16.85 0.09 0.33 
04/03/2012 10:55 TC241 Tile -8.43 -53.90 0.08 0.45 
04/03/2012 11:15 TC242 Tile -8.57 -54.55 0.08 0.45 
04/03/2012 11:35 SF400 Surface -7.87 -51.12 0.08 0.45 
04/03/2012 12:45 BC350 Surface -8.02 -51.17 0.08 0.45 
04/03/2012 13:05 SF450 Surface -6.72 -47.61 0.08 0.45 
04/03/2012 13:25 TC323 Surface -7.66 -49.76 0.08 0.45 
04/10/2012 10:00 TC323 Surface -7.78 -50.83 0.08 0.45 
04/10/2012 10:30 SF450 Surface -7.29 -48.85 0.08 0.45 
04/10/2012 11:00 BC350 Surface -7.74 -50.56 0.08 0.45 
04/10/2012 12:15 SF400 Surface -7.16 -49.05 0.08 0.45 
04/10/2012 12:15 SF400 Precip Precipitation 1.95 17.82 0.09 0.33 
04/10/2012 12:50 TC241 Tile -8.33 -53.61 0.08 0.45 
04/10/2012 13:20 TC242 Tile -8.46 -54.22 0.08 0.45 
04/15/2012 8:30 SF450 Surface -6.92 -45.15 0.08 0.45 
04/15/2012 10:00 BC350 Surface -7.72 -48.78 0.08 0.45 
04/15/2012 12:00 TC323 Surface -7.64 -47.66 0.08 0.45 
04/15/2012 13:00 SF400 Surface -6.81 -43.66 0.08 0.45 
04/15/2012 13:00 SF400 Precip (1.43in) Precipitation -4.20 -22.34 0.09 0.33 
04/15/2012 13:45 TC241 Tile -8.23 -52.50 0.08 0.45 
04/15/2012 14:14 TC240 Surface -2.63 -10.30 0.09 0.33 
04/15/2012 14:20 TC242 Tile -8.07 -51.81 0.08 0.45 
04/18/2012 10:10 SF400 Precip Precipitation -3.71 -24.40 0.09 0.33 
04/18/2012 12:00 TC240 Precip Precipitation -6.42 -40.06 0.09 0.33 
04/24/2012 9:10 TC323 Surface -7.99 -50.87 0.08 0.45 
04/24/2012 10:10 SF450 Surface -7.99 -51.30 0.08 0.45 
04/24/2012 10:40 BC350 Surface -8.05 -51.65 0.08 0.45 
04/24/2012 12:30 TC242 Tile -8.15 -51.74 0.08 0.45 
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04/24/2012 12:30 TC240P Precipitation -1.43 -17.91 0.09 0.33 
04/24/2012 13:00 TC241 Tile -8.11 -51.65 0.08 0.45 
04/24/2012 13:30 SF400 Surface -7.34 -50.15 0.08 0.45 
04/24/2012 13:30 SF400 Precip (1.17in) Precipitation -5.79 -27.93 0.09 0.33 
04/29/2012 8:20 A23 Groundwater -8.13 -53.36 0.04 0.32 
04/29/2012 8:47 B14 Groundwater -8.90 -57.16 0.04 0.32 
04/29/2012 8:52 B29 Groundwater -9.09 -58.81 0.04 0.32 
04/29/2012 9:14 C15 Groundwater -8.72 -58.90 0.04 0.32 
04/29/2012 9:20 C20 Groundwater -8.08 -52.87 0.04 0.32 
04/29/2012 9:25 C28 Groundwater -7.87 -50.97 0.04 0.32 
04/29/2012 9:47 H14 Groundwater -8.44 -54.65 0.04 0.32 
04/29/2012 9:52 H21 Groundwater -7.48 -47.07 0.04 0.32 
04/29/2012 10:15 I13 Groundwater -8.12 -53.06 0.04 0.32 
04/29/2012 10:20 I20 Groundwater -6.79 -43.84 0.04 0.32 
04/29/2012 10:51 D13 Groundwater -7.15 -44.79 0.04 0.32 
04/29/2012 10:56 D20 Groundwater -7.30 -45.42 0.04 0.32 
04/29/2012 11:25 J13 Groundwater -9.06 -59.80 0.04 0.32 
04/29/2012 11:30 J23 Groundwater -8.68 -57.26 0.04 0.32 
04/29/2012 11:53 K12 Groundwater -8.36 -53.04 0.04 0.32 
04/29/2012 11:58 K18 Groundwater -7.97 -52.44 0.04 0.32 
04/29/2012 12:27 F11 Groundwater -9.97 -64.95 0.04 0.32 
04/29/2012 12:32 F20 Groundwater -8.57 -55.26 0.04 0.32 
04/29/2012 12:56 L47 Groundwater -8.20 -53.97 0.04 0.32 
04/29/2012 13:31 E26 Groundwater -8.69 -55.15 0.04 0.32 
04/30/2012 10:10 SF400 Precip Precipitation -6.67 -42.23 0.09 0.33 
05/02/2012 9:30 SF400 Precip Precipitation -7.67 -47.45 0.09 0.33 
05/04/2012 11:00 SF400 Precip Precipitation -5.21 -30.77 0.09 0.33 
05/04/2012 11:05 SF400 Surface -7.78 -49.35 0.04 0.32 
05/04/2012 11:40 TC241 Tile -7.64 -48.98 0.04 0.32 
05/04/2012 12:05 TC242 East Tile Tile -7.82 -50.02 0.04 0.32 
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05/04/2012 12:05 TC240P Precipitation -2.78 -21.94 0.09 0.33 
05/04/2012 13:20 TC323 Surface -7.34 -47.76 0.04 0.32 
05/04/2012 14:10 BC350 Surface -7.90 -50.50 0.04 0.32 
05/04/2012 14:30 SF450 Surface -7.62 -48.77 0.04 0.32 
05/07/2012 13:30 SF400 Precip Precipitation -3.14 -19.52 0.09 0.33 
05/07/2012 13:59 TC240 Precip Precipitation -1.42 -15.67 0.09 0.33 
05/11/2012 10:45 SF400 Surface -7.84 -50.89 0.09 0.33 
05/11/2012 10:55 TC241 Tile -7.76 -50.10 0.09 0.33 
05/11/2012 11:10 TC242 Tile -7.99 -50.80 0.09 0.33 
05/11/2012 12:00 BC350 Surface -7.92 -51.03 0.09 0.33 
05/11/2012 12:20 SF450 Surface -7.78 -50.35 0.09 0.33 
05/11/2012 13:10 TC323 Surface -7.17 -48.73 0.09 0.33 
05/16/2012 11:00 TC242 Tile -8.01 -50.47 0.09 0.33 
05/16/2012 11:25 TC241 Tile -7.59 -49.17 0.09 0.33 
05/16/2012 11:50 SF400 Surface -7.60 -49.86 0.09 0.33 
05/16/2012 12:45 BC350 Surface -7.93 -51.08 0.09 0.33 
05/16/2012 13:12 SF450 Surface -7.60 -49.56 0.09 0.33 
05/16/2012 13:45 TC323 Surface -7.47 -49.13 0.09 0.33 
05/24/2012 9:15 TC323 Surface -7.69 -48.87 0.07 0.31 
05/24/2012 10:10 BC350 Surface -7.71 -49.38 0.07 0.31 
05/24/2012 11:15 SF450 Surface -7.04 -47.06 0.07 0.31 
05/24/2012 12:00 SF400 Surface -7.63 -48.52 0.07 0.31 
05/24/2012 12:40 TC241 Tile -8.12 -50.76 0.07 0.31 
05/24/2012 13:05 TC242 Tile -8.00 -50.25 0.07 0.31 
05/25/2012 9:40 SF400 Precip Precipitation -1.58 5.08 0.07 0.31 
05/25/2012 10:20 TC242 Precip Precipitation -2.97 -6.95 0.07 0.31 
06/01/2012 9:51 TC242 Tile -8.05 -50.04 0.07 0.31 
06/01/2012 10:10 TC241 Tile -7.83 -50.17 0.07 0.34 
06/01/2012 10:30 SF400 Surface -8.04 -51.52 0.07 0.34 
06/01/2012 12:00 TC323 Surface -7.97 -50.33 0.07 0.31 
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06/01/2012 12:30 BC350 Surface -7.89 -50.95 0.07 0.31 
06/01/2012 12:45 SF450 Surface -7.67 -49.71 0.07 0.31 
06/06/2012 9:05 B14 Groundwater -8.98 -56.84 0.07 0.31 
06/06/2012 9:10 B29 Groundwater -9.07 -58.32 0.07 0.31 
06/06/2012 9:41 C15 Groundwater -9.15 -60.77 0.07 0.31 
06/06/2012 9:46 C20 Groundwater -8.14 -53.56 0.07 0.31 
06/06/2012 9:36 C28 Groundwater -7.93 -50.95 0.07 0.31 
06/06/2012 10:09 H14 Groundwater -8.67 -55.21 0.07 0.31 
06/06/2012 10:13 H21 Groundwater -7.51 -47.31 0.07 0.31 
06/06/2012 10:44 I13 Groundwater -8.76 -55.79 0.07 0.31 
06/06/2012 10:49 I20 Groundwater -7.22 -45.03 0.07 0.31 
06/06/2012 11:42 K12 Groundwater -8.48 -53.29 0.07 0.31 
06/06/2012 11:46 K18 Groundwater -8.20 -53.45 0.07 0.31 
06/06/2012 12:20 F11 Groundwater -9.99 -64.75 0.07 0.31 
06/06/2012 12:24 F20 Groundwater -8.64 -55.23 0.07 0.31 
06/06/2012 12:52 L47 Groundwater -8.75 -56.19 0.07 0.31 
06/06/2012 13:30 E26 Groundwater -8.72 -55.38 0.07 0.31 
06/06/2012 11:30 BC350 Surface -7.95 -50.78 0.07 0.31 
06/06/2012 11:59 SF450 Surface -7.33 -48.86 0.07 0.31 
06/06/2012 13:05 TC323 Surface -7.80 -49.70 0.07 0.31 
06/06/2012 14:10 SF400 (ISU Stream) Surface -7.60 -49.51 0.07 0.31 
06/06/2012 14:10 SF400 (Precip 0.15") Precipitation -5.29 -35.77 0.07 0.31 
06/06/2012 14:35 TC242 Tile -7.82 -49.99 0.07 0.31 
06/06/2012 14:52 TC241 Tile -8.01 -50.59 0.07 0.31 
06/12/2012 10:04 TC242 Tile -7.66 -50.26 0.05 0.41 
06/12/2012 10:04 TC240P Precipitation -0.79 -20.31 0.05 0.41 
06/12/2012 10:35 TC241 Tile -7.05 -47.47 0.07 0.34 
06/12/2012 10:57 SF400 (Precip 0.56") Precipitation -5.03 -27.30 0.05 0.41 
06/12/2012 10:57 SF400 Surface -8.09 -50.23 0.07 0.34 
06/12/2012 12:58 BC350 Surface -7.55 -50.79 0.05 0.38 
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06/12/2012 13:30 SF450 Surface -7.03 -47.14 0.05 0.38 
06/12/2012 13:53 TC323 Surface -7.02 -47.59 0.05 0.41 
06/19/2012 9:10 SF400 Surface -2.10 -3.21 0.05 0.38 
06/19/2012 9:10 SF400 PPT Precipitation -2.09 -2.27 0.05 0.41 
06/19/2012 9:45 TC241 Tile -7.88 -50.65 0.05 0.41 
06/19/2012 10:10 TC242-East Tile - ppt Precipitation 3.25 23.41 0.05 0.41 
06/19/2012 10:10 TC242-East Tile Tile -7.78 -49.37 0.05 0.41 
06/19/2012 11:17 BC350 Surface -7.62 -47.11 0.05 0.38 
06/19/2012 11:45 SF450 Surface -6.75 -43.56 0.05 0.38 
06/19/2012 12:30 TC323 Surface -7.11 -46.01 0.05 0.41 
06/29/2012 9:35 TC242 Tile -7.57 -48.92 0.05 0.41 
06/29/2012 10:10 TC241 Tile -7.98 -51.06 0.07 0.34 
06/29/2012 10:40 SF400 Surface -7.08 -46.27 0.07 0.34 
06/29/2012 11:34 BC350 Surface -7.26 -47.47 0.05 0.38 
06/29/2012 12:03 SF450 Surface -6.62 -44.23 0.05 0.38 
06/29/2012 12:40 TC323 Surface -7.13 -46.63 0.05 0.41 
07/03/2012 9:55 SF400 Surface -6.90 -44.69 0.05 0.41 
07/17/2012 9:12 B14 Groundwater -8.88 -56.99 0.05 0.41 
07/17/2012 9:17 B29 Groundwater -9.18 -57.83 0.05 0.41 
07/17/2012 9:40 C15 Groundwater -9.30 -59.46 0.05 0.41 
07/17/2012 9:51 C20 Groundwater -8.30 -53.15 0.05 0.41 
07/17/2012 9:45 C28 Groundwater -8.04 -50.17 0.05 0.41 
07/17/2012 10:11 H14 Groundwater -8.72 -54.84 0.05 0.41 
07/17/2012 10:15 H21 Groundwater -7.61 -47.18 0.05 0.41 
07/17/2012 10:54 I13 Groundwater -8.74 -55.00 0.05 0.41 
07/17/2012 10:49 I20 Groundwater -7.30 -44.52 0.05 0.41 
07/17/2012 11:42 K12 Groundwater -8.46 -52.57 0.05 0.41 
07/17/2012 11:47 K18 Groundwater -7.89 -51.12 0.05 0.41 
07/17/2012 12:32 F20 Groundwater -8.68 -55.00 0.05 0.41 
07/17/2012 13:02 L47 Groundwater -8.42 -52.81 0.05 0.41 
 
9
8
 
07/17/2012 13:34 E26 Groundwater -8.79 -54.68 0.05 0.41 
07/17/2012 8:16 TC242 Tile -8.26 -48.45 0.05 0.41 
07/17/2012 8:40 TC241 Tile -8.38 -51.81 0.07 0.34 
07/17/2012 9:00 SF400 Surface -4.24 -35.72 0.07 0.34 
07/17/2012 10:30 BC350 Surface -6.66 -45.26 0.05 0.38 
07/17/2012 12:10 SF450 Surface -5.03 -38.20 0.05 0.38 
07/17/2012 13:30 TC323 Surface -6.55 -39.97 0.05 0.41 
07/23/2012 9:10 TC241 Tile -8.31 -51.13 0.07 0.34 
07/23/2012 9:10 TC242 Tile -8.56 -47.24 0.05 0.41 
07/23/2012 9:35 SF400 Surface -3.17 -30.91 0.07 0.34 
07/23/2012 10:30 BC350 Surface -6.71 -45.16 0.05 0.38 
07/23/2012 11:05 SF450 Surface -4.72 -37.37 0.05 0.38 
07/23/2012 12:10 TC323 Surface -6.63 -35.73 0.05 0.41 
07/30/2012 10:50 TC323 Surface -6.00 -34.58 0.05 0.41 
07/30/2012 11:30 SF450 Surface -4.61 -36.11 0.05 0.38 
07/30/2012 11:50 BC350 Surface -6.55 -44.18 0.05 0.38 
07/30/2012 12:55 SF400 Surface -2.40 -24.42 0.07 0.34 
07/30/2012 12:55 SF400 (Precip) Precipitation -4.50 -31.40 0.05 0.41 
07/30/2012 13:25 TC241 Tile -8.51 -50.89 0.07 0.34 
07/30/2012 13:40 TC242 Tile -8.54 -46.83 0.05 0.41 
07/30/2012 12:00 TC240P (Precip) Precipitation -0.83 -9.52 0.05 0.41 
08/14/2012 9:01 TC323 Surface -4.96 -32.58 0.05 0.41 
08/14/2012 10:13 SF450 Surface -4.54 -36.39 0.05 0.38 
08/14/2012 11:56 BC350 Surface -7.08 -46.61 0.05 0.38 
08/14/2012 12:40 TC241 Tile -8.57 -50.00 0.05 0.41 
08/14/2012 13:00 TC240P (Precip) Precipitation 1.06 -8.35 0.05 0.41 
08/14/2012 13:30 SF400 Surface -1.83 -22.53 0.05 0.38 
08/21/2012 9:15 B14 Groundwater -9.13 -59.97 0.06 0.25 
08/21/2012 9:20 B29 Groundwater -9.03 -58.72 0.06 0.25 
08/21/2012 9:55 C15 Groundwater -8.98 -60.23 0.06 0.25 
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08/21/2012 9:59 C20 Groundwater -8.01 -53.26 0.06 0.25 
08/21/2012 10:04 C28 Groundwater -7.80 -51.09 0.06 0.25 
08/21/2012 10:26 H14 Groundwater -8.52 -54.86 0.06 0.25 
08/21/2012 10:31 H21 Groundwater -7.42 -47.03 0.06 0.25 
08/21/2012 11:02 I13 Groundwater -8.47 -55.37 0.06 0.25 
08/21/2012 11:07 I20 Groundwater -7.06 -44.73 0.06 0.25 
08/21/2012 11:55 D20 Groundwater -7.19 -45.65 0.06 0.25 
08/21/2012 12:28 K12 Groundwater -8.32 -53.02 0.06 0.25 
08/21/2012 12:32 K18 Groundwater -7.34 -48.29 0.06 0.25 
08/21/2012 13:10 F20 Groundwater -8.47 -54.93 0.06 0.25 
08/21/2012 13:33 L47 Groundwater -8.38 -53.83 0.06 0.25 
08/21/2012 14:09 E26 Groundwater -8.45 -54.53 0.06 0.25 
08/21/2012 12:20 TC323 Surface -6.99 -45.43 0.05 0.41 
08/21/2012 13:00 SF450 Surface -4.27 -35.67 0.05 0.38 
08/21/2012 13:10 BC350 Surface -6.99 -46.57 0.05 0.38 
08/21/2012 14:10 SF400 (Precip) Precipitation -5.89 -38.11 0.05 0.41 
08/21/2012 14:10 SF400 (Grab) Surface -1.72 -22.03 0.05 0.41 
08/21/2012 14:35 TC241 Tile -8.19 -50.67 0.05 0.41 
08/21/2012 15:00 TC242 Tile -7.63 -48.29 0.05 0.41 
08/28/2012 11:40 TC242 (Precip) Precipitation 7.35 24.19 0.05 0.38 
08/28/2012 11:40 TC242 (Grab) Tile -7.63 -50.09 0.05 0.38 
08/28/2012 12:40 SF400 (Precip) Precipitation -2.38 -11.68 0.05 0.38 
08/30/2012 12:10 TC323 Surface -5.95 -43.02 0.05 0.38 
08/30/2012 12:40 SF450 Surface -4.24 -35.05 0.05 0.38 
08/30/2012 13:00 BC350 Surface -6.83 -45.45 0.05 0.38 
08/30/2012 14:10 TC241 Tile -8.07 -51.05 0.05 0.38 
09/06/2012 9:38 TC323 Surface -6.82 -46.22 0.05 0.38 
09/06/2012 11:00 SF450 Surface -4.37 -35.51 0.05 0.38 
09/06/2012 12:52 BC350 Surface -6.94 -45.95 0.05 0.38 
09/06/2012 14:05 TC242 (Precip) Precipitation 2.16 -4.04 0.05 0.38 
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09/06/2012 14:05 TC242 (Grab) Tile -7.55 -48.26 0.05 0.38 
09/06/2012 14:30 TC241 Tile -8.03 -51.70 0.05 0.38 
09/06/2012 14:52 SF400 (Precip) Precipitation -3.95 -25.37 0.05 0.38 
09/13/2012 12:25 TC240P Precipitation -3.46 -20.88 0.05 0.37 
09/13/2012 12:25 TC242 Tile -7.02 -44.33 0.05 0.38 
09/13/2012 12:47 TC241 Tile -8.03 -50.83 0.05 0.38 
09/13/2012 13:08 SF400 (Precip, rg = 1.62") Precipitation -3.91 -25.54 0.05 0.37 
09/13/2012 13:45 BC350 Surface -6.56 -37.96 0.05 0.38 
09/13/2012 14:00 SF450 Surface -4.18 -33.09 0.05 0.38 
09/13/2012 14:25 TC323 Surface -6.95 -45.92 0.05 0.38 
09/26/2012 9:00 TC323 Surface -7.22 -50.59 0.05 0.37 
09/26/2012 10:50 BC350 Surface -7.16 -47.73 0.05 0.37 
09/26/2012 11:40 SF450 Surface -4.35 -35.36 0.05 0.37 
09/27/2012 11:20 SF400 (Precip) Precipitation -6.40 -43.56 0.05 0.37 
09/27/2012 12:00 TC241 Tile -7.99 -50.80 0.05 0.37 
09/27/2012 12:30 TC242 Tile -7.57 -48.27 0.05 0.37 
10/04/2012 10:23 SF450 Surface -4.79 -37.93 0.05 0.37 
10/04/2012 11:42 BC350 Surface -7.10 -47.39 0.05 0.37 
10/04/2012 13:36 TC323 Surface -7.21 -49.65 0.05 0.37 
10/04/2012 14:13 TC242 Tile -7.55 -47.70 0.05 0.37 
10/04/2012 14:20 TC241 Tile -8.04 -51.23 0.05 0.37 
10/09/2012 8:54 B14 Groundwater -9.07 -59.58 0.06 0.25 
10/09/2012 8:59 B29 Groundwater -8.93 -58.58 0.06 0.25 
10/09/2012 9:24 C20 Groundwater -8.03 -53.35 0.06 0.25 
10/09/2012 9:29 C28 Groundwater -7.84 -50.96 0.06 0.25 
10/09/2012 9:50 H14 Groundwater -8.54 -55.46 0.06 0.25 
10/09/2012 9:55 H21 Groundwater -7.38 -47.11 0.06 0.25 
10/09/2012 10:18 I13 Groundwater -8.44 -54.19 0.06 0.25 
10/09/2012 10:22 I20 Groundwater -6.97 -44.86 0.06 0.25 
10/09/2012 10:53 D20 Groundwater -7.24 -45.79 0.06 0.25 
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10/09/2012 11:20 K12 Groundwater -8.29 -52.93 0.06 0.25 
10/09/2012 11:24 K18 Groundwater -7.43 -49.03 0.06 0.25 
10/09/2012 11:55 F20 Groundwater -8.46 -54.86 0.06 0.25 
10/09/2012 12:39 E26 Groundwater -8.55 -55.05 0.06 0.25 
10/16/2012 11:45 BC350 Surface -7.19 -46.67 0.05 0.37 
10/16/2012 12:02 SF450 Surface -4.93 -36.19 0.05 0.37 
10/16/2012 12:36 TC323 Surface -6.75 -44.73 0.05 0.37 
10/16/2012 13:08 TC240P Precipitation -5.71 -38.60 0.05 0.37 
10/16/2012 13:08 TC242 Tile -7.56 -48.21 0.05 0.37 
10/16/2012 13:31 TC241 Tile -7.37 -47.37 0.05 0.37 
10/16/2012 13:56 SF400 (rg = 1.70") Precipitation -7.07 -43.88 0.05 0.37 
10/26/2012 9:30 TC323 Surface -4.55 -34.93 0.05 0.37 
10/26/2012 9:55 SF450 Surface -5.95 -42.00 0.05 0.37 
10/26/2012 10:15 BC350 Surface -6.92 -44.42 0.05 0.37 
10/26/2012 11:30 TC241 Tile -6.71 -37.47 0.05 0.37 
10/26/2012 11:50 TC242 Tile -7.65 -48.14 0.05 0.37 
11/01/2012 9:28 TC242 Tile -7.71 -49.78 0.05 0.37 
11/01/2012 9:46 TC241 Tile -7.93 -49.98 0.05 0.37 
11/01/2012 10:15 SF400 Surface -5.29 -40.20 0.05 0.37 
11/01/2012 11:18 BC350 Surface -7.15 -46.73 0.05 0.37 
11/01/2012 11:50 SF450 Surface -5.85 -41.44 0.05 0.37 
11/01/2012 12:24 TC323 Surface -5.96 -42.92 0.05 0.37 
11/06/2012 9:40 TC323 Surface -6.37 -45.51 0.05 0.37 
11/06/2012 10:30 SF450 Surface -6.19 -42.87 0.05 0.37 
11/06/2012 10:50 BC350 Surface -7.43 -48.32 0.05 0.37 
11/06/2012 12:25 SF400 (Precip = 0.24") Precipitation -11.97 -80.98 0.05 0.37 
11/06/2012 12:25 SF400 Surface -5.78 -43.22 0.06 0.27 
11/06/2012 12:40 TC241 Tile -8.02 -51.02 0.06 0.27 
11/06/2012 13:05 TC242 Tile -7.61 -48.98 0.06 0.27 
11/17/2012 8:59 B14 Groundwater -8.98 -58.32 0.06 0.25 
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11/17/2012 9:00 B29 Groundwater -8.89 -57.90 0.06 0.25 
11/17/2012 9:25 C20 Groundwater -7.95 -52.86 0.06 0.25 
11/17/2012 9:34 C28 Groundwater -7.80 -50.55 0.06 0.25 
11/17/2012 9:55 H14 Groundwater -8.57 -54.94 0.06 0.25 
11/17/2012 10:00 H21 Groundwater -7.41 -46.88 0.06 0.25 
11/17/2012 10:22 I13 Groundwater -8.20 -52.96 0.06 0.25 
11/17/2012 10:27 I20 Groundwater -7.08 -44.69 0.06 0.25 
11/17/2012 10:59 D20 Groundwater -7.19 -45.85 0.06 0.25 
11/17/2012 11:26 K12 Groundwater -8.27 -52.66 0.06 0.25 
11/17/2012 11:31 K18 Groundwater -7.54 -49.85 0.06 0.25 
11/17/2012 12:05 F20 Groundwater -8.36 -54.85 0.06 0.25 
11/17/2012 12:27 L47 Groundwater -8.51 -54.78 0.06 0.25 
11/17/2012 12:57 E26 Groundwater -8.50 -54.14 0.06 0.25 
11/20/2012 9:40 TC323 Surface 
    11/20/2012 10:00 SF450 Surface 
    11/20/2012 10:20 BC350 Surface 
    11/20/2012 11:00 SF400 Surface 
    11/20/2012 12:20 TC241 Tile 
    11/20/2012 12:35 TC242 Tile 
    11/27/2012 10:30 TC323 Surface -7.2588 -49.6171 0.06 0.27 
11/27/2012 12:25 BC350 Surface -7.6457 -49.7908 0.06 0.27 
11/27/2012 12:45 SF450 Surface -6.7155 -46.0626 0.06 0.27 
11/27/2012 13:25 SF400 Surface -6.1787 -44.9781 0.06 0.27 
11/27/2012 13:47 TC241 Tile -7.7828 -49.4098 0.06 0.27 
11/27/2012 14:00 TC242 Tile -7.5638 -47.8479 0.06 0.27 
12/11/2012 12:50 TC323 Surface -7.6763 -52.5555 0.06 0.27 
12/11/2012 13:10 SF450 Surface -7.1429 -48.3549 0.06 0.27 
12/11/2012 13:30 BC350 Surface -7.7573 -49.7283 0.06 0.27 
12/11/2012 14:10 SF400 (Precip) Precipitation -18.4705 -137.1395 0.06 0.27 
12/11/2012 14:10 SF400 Surface -6.4172 -45.3974 0.06 0.27 
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12/11/2012 14:31 TC241 Tile -7.8443 -49.8483 0.06 0.27 
12/11/2012 14:45 TC240P Precipitation -17.0065 -127.3209 0.06 0.27 
12/15/2012 8:53 B14 Groundwater -9.1842 -59.4735 0.04 0.54 
12/15/2012 8:56 B29 Groundwater -9.0288 -59.1914 0.04 0.54 
12/15/2012 9:19 C20 Groundwater -8.0497 -53.3305 0.04 0.54 
12/15/2012 9:24 C28 Groundwater -7.9532 -51.2681 0.04 0.54 
12/15/2012 10:12 I13 Groundwater -8.2330 -52.2038 0.04 0.54 
12/15/2012 10:17 I20 Groundwater -7.1846 -43.6672 0.04 0.54 
12/15/2012 10:50 D20 Groundwater -7.3446 -44.8191 0.04 0.54 
12/15/2012 11:17 K12 Groundwater -8.3782 -52.9808 0.04 0.54 
12/15/2012 11:23 K18 Groundwater -7.7488 -49.4655 0.04 0.54 
12/15/2012 11:54 F20 Groundwater -8.5215 -55.2306 0.04 0.54 
12/15/2012 12:18 L47 Groundwater -8.5679 -54.7161 0.04 0.54 
12/15/2012 12:50 E26 Groundwater -8.5911 -54.5833 0.04 0.54 
12/17/2012 10:30 SF400 Surface -6.9994 -48.2571 0.06 0.27 
12/17/2012 10:30 SF400 (Precip) Precipitation -12.4684 -80.4686 0.06 0.27 
12/17/2012 11:33 SF450 Surface -7.3149 -48.4638 0.06 0.27 
12/17/2012 12:06 TC323 Surface -7.8083 -51.9716 0.06 0.27 
12/17/2012 13:20 TC241 Tile -7.8957 -49.7747 0.06 0.27 
12/17/2012 14:33 BC350 Surface -7.7620 -50.2108 0.06 0.27 
01/02/2013 10:05 TC241 Tile -8.0495 -51.8789 0.06 0.27 
01/02/2013 10:30 SF400 Surface -8.2739 -58.7793 0.06 0.27 
01/02/2013 11:20 BC350 Surface -7.9968 -51.0037 0.06 0.27 
01/02/2013 12:25 SF450 Surface -8.2884 -54.6415 0.06 0.27 
01/09/2013 9:18 B14 Groundwater -8.3853 -56.8747 0.04 0.54 
01/09/2013 9:22 B29 Groundwater -8.9488 -58.3999 0.04 0.54 
01/09/2013 9:42 C15 Groundwater -8.8769 -59.0656 0.04 0.54 
01/09/2013 9:47 C20 Groundwater -8.0679 -53.4421 0.04 0.54 
01/09/2013 9:52 C28 Groundwater -7.8372 -50.9621 0.04 0.54 
01/09/2013 10:27 H14 Groundwater -8.5810 -54.2521 0.04 0.54 
 
1
0
4
 
01/09/2013 10:31 H21 Groundwater -7.5007 -46.8920 0.04 0.54 
01/09/2013 10:51 I13 Groundwater -8.2158 -51.8041 0.05 0.30 
01/09/2013 10:56 I20 Groundwater -7.2001 -44.4929 0.05 0.30 
01/09/2013 11:25 D20 Groundwater -7.3613 -45.2253 0.05 0.30 
01/09/2013 11:51 K12 Groundwater -8.4015 -52.2523 0.05 0.30 
01/09/2013 11:56 K18 Groundwater -7.8948 -50.5792 0.05 0.30 
01/09/2013 12:30 F20 Groundwater -8.5432 -54.5544 0.05 0.30 
01/09/2013 12:55 L47 Groundwater -8.5368 -54.1644 0.05 0.30 
01/09/2013 13:25 E26 Groundwater -8.5425 -54.3915 0.05 0.30 
01/18/2013 12:40 TC241 Tile -8.0082 -50.5951 0.06 0.27 
01/18/2013 14:00 SF450 Surface -8.2719 -53.7902 0.06 0.27 
01/18/2013 14:50 BC350 Surface -8.1883 -51.7337 0.06 0.27 
02/04/2013 9:40 SF400P Precipitation -19.8680 -152.4549 0.06 0.27 
02/04/2013 10:10 TC241 Tile -8.1745 -52.2840 0.06 0.27 
02/04/2013 10:40 TC240P Precipitation -18.7275 -146.0738 0.06 0.27 
02/04/2013 11:30 SF450 Surface -8.4866 -55.6014 0.06 0.27 
02/05/2013 10:40 TC242 Tile -8.6122 -55.2876 0.06 0.27 
02/05/2013 12:00 BC350 Surface -7.3572 -49.6998 0.06 0.27 
02/13/2013 13:15 TC323 Surface -11.3101 -75.7597 0.06 0.27 
02/13/2013 14:10 SF450 Surface -10.2643 -69.5040 0.06 0.27 
02/13/2013 14:40 BC350 Surface -10.6843 -70.9084 0.06 0.27 
02/13/2013 15:30 SF400 Surface -11.8422 -79.0189 0.06 0.27 
02/13/2013 15:30 SF400P Precipitation -8.1738 -56.4893 0.06 0.27 
02/13/2013 16:00 TC241 Tile -12.0035 -81.4342 0.06 0.27 
02/13/2013 16:20 TC242 Tile -14.3990 -102.8642 0.06 0.27 
02/20/2013 13:20 SF450 Surface -9.6613 -65.1124 0.07 0.40 
02/20/2013 13:40 BC350 Surface -9.3228 -61.1160 0.07 0.40 
02/20/2013 14:30 SF400 Surface -12.7681 -88.4373 0.07 0.40 
02/20/2013 14:30 SF400P Precipitation -7.4826 -80.9506 0.07 0.40 
02/20/2013 14:50 TC241 Tile -9.4330 -61.9170 0.07 0.40 
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02/20/2013 15:10 TC242 Tile -8.8947 -57.4362 0.07 0.40 
02/28/2013 11:50 TC323 Surface -11.3977 -78.1618 0.07 0.40 
02/28/2013 13:00 BC350 Surface -8.8487 -58.0602 0.07 0.40 
02/28/2013 13:00 SF450 Surface -8.4602 -55.1241 0.07 0.40 
02/28/2013 14:25 SF400P Precipitation -16.2252 -122.3593 0.07 0.40 
02/28/2013 14:45 TC241 Tile -7.3802 -52.8687 0.07 0.40 
02/28/2013 14:55 TC242 Tile -8.8890 -57.1217 0.07 0.40 
03/06/2013 10:20 TC242 Tile -8.7070 -56.8988 0.07 0.40 
03/06/2013 10:20 TC240P Precipitation -16.6006 -120.6173 0.07 0.40 
03/06/2013 10:35 TC241 Tile -8.6079 -55.1322 0.07 0.40 
03/06/2013 11:00 SF400P Precipitation -17.6050 -135.6161 0.07 0.40 
03/06/2013 11:40 TC323 Surface -9.8447 -66.7165 0.07 0.40 
03/06/2013 12:10 SF450 Surface -8.0464 -53.0895 0.07 0.40 
03/06/2013 12:35 BC350 Surface -8.6358 -57.4375 0.07 0.40 
03/13/2013 12:15 TC323 Surface -11.9495 -79.6218 0.07 0.40 
03/13/2013 13:10 TC241 Tile -11.6931 -79.9079 0.07 0.40 
03/13/2013 13:10 SF450 Surface -11.7096 -78.3310 0.07 0.40 
03/13/2013 13:40 BC350 Surface -12.9095 -88.3610 0.07 0.40 
03/13/2013 15:30 TC242 Tile -12.2156 -81.8040 0.07 0.40 
03/13/2013 14:40 SF400 Surface -10.5569 -75.4407 0.07 0.40 
03/13/2013 14:40 SF400P Precipitation -11.6001 -77.3055 0.07 0.40 
03/15/2013 9:08 B14 Groundwater -9.0048 -58.0034 0.05 0.30 
03/15/2013 9:11 B29 Groundwater -8.9699 -57.6089 0.05 0.30 
03/15/2013 9:32 C20 Groundwater -8.0741 -52.2381 0.05 0.30 
03/15/2013 9:57 H14 Groundwater -8.5670 -54.5659 0.05 0.30 
03/15/2013 10:01 H21 Groundwater -7.4580 -46.5408 0.05 0.30 
03/15/2013 10:24 I13 Groundwater -8.0801 -50.3021 0.05 0.30 
03/15/2013 10:29 I20 Groundwater -7.2189 -44.5341 0.05 0.30 
03/15/2013 11:04 D20 Groundwater -7.3277 -44.7629 0.05 0.30 
03/15/2013 11:35 K12 Groundwater -8.4125 -52.5237 0.05 0.30 
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03/15/2013 11:39 K18 Groundwater -7.9421 -51.1193 0.05 0.30 
03/15/2013 12:09 F11 Groundwater -9.3312 -59.2371 0.05 0.30 
03/15/2013 12:14 F20 Groundwater -8.6308 -55.1290 0.05 0.30 
03/26/2013 9:30 TC323 Surface 
    03/26/2013 10:10 SF450 Surface 
    03/26/2013 11:15 BC350 Surface 
    03/26/2013 12:00 SF400 Surface 
    03/26/2013 12:50 TC241 Tile 
    03/26/2013 13:00 TC242 Tile 
    04/10/2013 7:50 TC323 Surface -10.345 -69.682 0.06 0.30 
04/10/2013 8:20 BC350 Surface -9.708 -63.379 0.06 0.30 
04/10/2013 8:50 SF450 Surface -9.232 -63.519 0.06 0.30 
04/10/2013 9:30 TC241 Tile -9.723 -65.839 0.06 0.30 
04/10/2013 9:50 TC242 Tile -10.1921 -70.6163 0.07 0.31 
04/12/2013 14:35 TC240P Precipitation -7.8357 -47.7051 0.04 0.44 
04/16/2013 9:14 TC242 Tile -10.0225 -67.3929 0.07 0.31 
04/16/2013 9:14 TC240P Precipitation -5.7497 -39.9004 0.04 0.44 
04/16/2013 9:30 TC241 Tile -9.2486 -60.5983 0.07 0.31 
04/16/2013 10:35 TC323 Surface -9.3638 -62.0561 0.04 0.44 
04/16/2013 11:20 BC350 Surface -9.4199 -62.2628 0.04 0.44 
04/16/2013 11:40 SF450 Surface -9.3309 -61.8851 0.04 0.44 
04/26/2013 13:15 TC323 Surface -8.56787 -57.37337 0.06 0.28 
04/26/2013 13:50 SF450 Surface -8.39720 -56.24073 0.06 0.28 
04/26/2013 14:10 BC350 Surface -8.71171 -57.66817 0.06 0.28 
04/26/2013 15:20 TC242 Tile -8.97190 -59.03999 0.06 0.28 
04/26/2013 15:20 TC240P Precipitation -1.12555 -18.52409 0.06 0.28 
04/26/2013 15:40 TC241 Tile -8.48639 -55.20290 0.06 0.28 
04/30/2013 8:55 B14 Groundwater -9.00000 -58.74424 0.06 0.52 
04/30/2013 9:00 B29 Groundwater -8.89566 -57.99860 0.06 0.52 
04/30/2013 9:26 C20 Groundwater -8.01410 -53.05215 0.06 0.52 
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04/30/2013 9:31 C28 Groundwater -7.79935 -50.82630 0.06 0.52 
04/30/2013 9:51 H14 Groundwater -8.57286 -55.13598 0.06 0.52 
04/30/2013 9:56 H21 Groundwater -7.39173 -47.00567 0.06 0.52 
04/30/2013 10:15 I13 Groundwater -8.15009 -52.24923 0.06 0.52 
04/30/2013 10:20 I20 Groundwater -7.04570 -45.10774 0.06 0.52 
04/30/2013 10:52 D13 Groundwater -7.21266 -44.78249 0.06 0.52 
04/30/2013 10:57 D20 Groundwater -7.19482 -45.85104 0.06 0.52 
04/30/2013 11:22 K12 Groundwater -8.25140 -52.39729 0.06 0.52 
04/30/2013 11:27 K18 Groundwater -8.01780 -52.27871 0.06 0.52 
04/30/2013 11:54 F11 Groundwater -9.38406 -60.81333 0.06 0.52 
04/30/2013 11:59 F20 Groundwater -8.47861 -55.28504 0.06 0.52 
04/30/2013 12:38 E26 Groundwater -8.54559 -54.87571 0.06 0.52 
05/02/2013 11:44 BC350 Surface -8.00456 -53.14701 0.06 0.28 
05/02/2013 12:04 SF450 Surface -8.36769 -54.29974 0.06 0.28 
05/02/2013 12:55 TC242 Tile -8.41229 -54.54463 0.06 0.28 
05/02/2013 13:00 TC323 Surface -8.44314 -54.69705 0.06 0.28 
05/02/2013 13:50 TC241 Tile -7.66490 -50.39632 0.06 0.28 
05/07/2013 10:30 TC241 Tile -8.54205 -56.57138 0.06 0.28 
05/07/2013 10:45 TC242 Tile -8.09476 -52.36445 0.06 0.28 
05/07/2013 12:40 BC350 Surface -8.67785 -56.71442 0.06 0.28 
05/07/2013 13:00 SF450 Surface -8.64599 -56.58377 0.06 0.28 
05/07/2013 13:25 TC323 Surface -8.46359 -54.85048 0.06 0.28 
05/08/2013 10:25 TC240P Precipitation -4.19589 -35.95648 0.06 0.28 
05/10/2013 9:47 TC240P Precipitation -9.05942 -64.15578 0.06 0.28 
05/13/2013 10:20 TC242 Tile -8.01127 -51.91622 0.06 0.28 
05/13/2013 11:00 TC241 Tile -7.92946 -50.86264 0.06 0.28 
05/13/2013 12:40 SF450 Surface -8.01529 -52.71084 0.06 0.28 
05/13/2013 13:10 BC350 Surface -8.27314 -53.91684 0.06 0.28 
05/13/2013 14:00 TC323 Surface -8.04245 -52.07367 0.06 0.28 
05/28/2013 9:25 Site 1 Surface -7.10328 -43.18947 0.06 0.28 
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05/28/2013 9:55 Site 2 Surface -7.10562 -42.86251 0.06 0.28 
05/28/2013 10:25 Site 3 Surface -6.86957 -41.18918 0.06 0.28 
05/28/2013 10:40 Site 4 Surface -6.65163 -37.49782 0.06 0.28 
05/28/2013 10:45 Site 5 Surface -6.86287 -41.13056 0.06 0.28 
05/28/2013 11:35 Site 6 Surface -6.97050 -41.65550 0.06 0.28 
05/28/2013 12:00 Site 7 Surface -6.56613 -39.39894 0.06 0.28 
05/28/2013 12:35 Site 8 Surface -6.94099 -42.24276 0.06 0.28 
05/30/2013 9:20 TC240P Precipitation -3.88943 -21.31296 0.06 0.28 
05/31/2013 13:30 TC241 Tile -6.49538 -39.16980 0.06 0.28 
05/31/2013 13:50 TC242 Tile -6.11146 -36.31426 0.06 0.28 
05/31/2013 14:26 BC350 Surface -6.56512 -39.95638 0.06 0.28 
05/31/2013 14:45 SF450 Surface -6.44609 -39.28605 0.06 0.28 
05/31/2013 16:00 TC323 Surface -6.45782 -39.57247 0.06 0.28 
06/05/2013 8:41 G13 Groundwater -10.79879 -73.47105 0.06 0.52 
06/05/2013 8:46 G20 Groundwater -9.62002 -63.54230 0.06 0.52 
06/05/2013 9:26 B14 Groundwater -8.93302 -57.52127 0.06 0.52 
06/05/2013 9:31 B29 Groundwater -8.80545 -58.16508 0.06 0.52 
06/05/2013 9:50 C15 Groundwater -8.93739 -60.28575 0.06 0.52 
06/05/2013 9:55 C20 Groundwater -7.99525 -53.31275 0.06 0.52 
06/05/2013 10:00 C28 Groundwater -7.77612 -50.30877 0.06 0.52 
06/05/2013 10:18 H14 Groundwater -8.63311 -55.18890 0.06 0.52 
06/05/2013 10:23 H21 Groundwater -7.37725 -47.00165 0.06 0.52 
06/05/2013 10:47 I13 Groundwater -8.30223 -53.33654 0.06 0.52 
06/05/2013 10:52 I20 Groundwater -7.08475 -44.45456 0.06 0.52 
06/05/2013 11:25 D13 Groundwater -7.22343 -44.07169 0.06 0.52 
06/05/2013 11:30 D20 Groundwater -7.18001 -45.10071 0.06 0.52 
06/05/2013 12:09 K12 Groundwater -8.23289 -52.05696 0.06 0.52 
06/05/2013 12:14 K18 Groundwater -8.14234 -52.32092 0.06 0.52 
06/05/2013 12:39 F11 Groundwater -9.46148 -60.79524 0.06 0.52 
06/05/2013 12:44 F20 Groundwater -8.49073 -55.05156 0.06 0.52 
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06/05/2013 13:25 E26 Groundwater -8.40523 -53.55862 0.06 0.52 
06/05/2013 13:21 E20 Groundwater -7.92490 -49.20740 0.06 0.52 
06/06/2013 9:30 BC350 Surface -7.14050 -44.68558 0.06 0.28 
06/06/2013 9:30 TC323 Surface -7.05499 -44.76832 0.06 0.28 
06/06/2013 11:52 SF450 Surface -7.03186 -44.79881 0.06 0.28 
06/06/2013 12:51 TC242 Tile -7.36950 -46.98636 0.06 0.28 
06/06/2013 13:00 TC241 Tile -6.27006 -38.82509 0.06 0.28 
06/12/2013 9:38 BC350 Surface 
    06/12/2013 9:55 SF450 Surface 
    06/12/2013 10:30 TC323 Surface 
    06/12/2013 11:00 TC242 Tile 
    06/12/2013 11:18 TC241 Tile 
    06/19/2013 10:20 TC241 Tile -7.5773 -47.9546 0.04 0.44 
06/19/2013 10:56 TC242 Tile -7.6546 -47.6398 0.04 0.44 
06/19/2013 13:30 TC323 Surface -7.5349 -48.3467 0.04 0.44 
06/19/2013 11:45 BC350 Surface -6.9337 -47.8465 0.04 0.44 
06/19/2013 14:01 SF450 Surface -7.5968 -48.4197 0.04 0.44 
06/25/2013 9:10 TC241 Tile -7.4744 -46.5647 0.04 0.44 
06/25/2013 9:30 TC240P Precipitation -3.3687 -0.4563 0.04 0.44 
06/25/2013 9:30 TC242 Tile -7.4385 -46.8280 0.04 0.44 
06/25/2013 9:50 BC350 Surface -5.6328 -31.4699 0.04 0.44 
06/25/2013 11:30 SF450 Surface -6.8252 -41.6366 0.04 0.44 
06/25/2013 11:35 TC323 Surface -7.0601 -43.2795 0.04 0.44 
07/01/2013 12:37 TC241 Tile -7.5535 -49.0316 0.07 0.50 
07/01/2013 12:45 TC242 Tile -7.2433 -47.4119 0.07 0.50 
07/01/2013 13:45 BC350 Surface -7.0698 -46.4756 0.07 0.50 
07/01/2013 14:00 SF450 Surface -7.0376 -46.7361 0.07 0.50 
07/01/2013 14:20 TC323 Surface -7.5350 -47.5754 0.07 0.50 
07/10/2013 9:30 TC323 Surface 
    07/10/2013 10:22 BC350 Surface 
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07/10/2013 11:39 SF450 Surface 
    07/10/2013 12:21 TC241 Tile 
    07/10/2013 12:43 TC242 Tile 
    07/16/2013 9:32 TC242 Tile -7.4453 -47.4403 0.07 0.50 
07/16/2013 10:10 TC241 Tile -7.5007 -48.2616 0.07 0.50 
07/16/2013 11:20 TC323 Surface -7.0591 -46.7650 0.04 0.44 
07/16/2013 13:15 SF450 Surface -7.1848 -46.4655 0.07 0.50 
07/16/2013 13:41 BC350 Surface -7.1986 -47.6599 0.07 0.50 
07/23/2013 9:33 TC323 Surface -7.1441 -46.3195 0.07 0.50 
07/23/2013 12:30 BC350 Surface -6.9589 -44.9460 0.04 0.44 
07/23/2013 12:45 SF450 Surface -6.6249 -44.2291 0.04 0.44 
07/23/2013 14:09 TC241 Tile -7.7836 -49.9415 0.04 0.44 
07/23/2013 14:30 TC242 Tile -7.5340 -47.7953 0.07 0.50 
07/23/2013 14:30 TC240P Precipitation -5.2587 -37.8722 0.07 0.50 
07/29/2013 10:49 TC242 Tile -7.7098 -48.9806 0.07 0.50 
07/29/2013 11:02 TC241 Tile -7.8456 -49.7962 0.07 0.50 
07/29/2013 11:30 TC323 Surface -7.4537 -49.0184 0.07 0.50 
07/29/2013 11:51 SF450 Surface -7.5181 -44.3112 0.04 0.44 
07/29/2013 12:15 BC350 Surface -7.5939 -48.3187 0.07 0.50 
07/29/2013 8:15 G13 Groundwater -10.9000 -73.2737 0.05 0.39 
07/29/2013 8:20 G20 Groundwater -9.7005 -63.2884 0.05 0.39 
07/29/2013 9:03 B14 Groundwater -9.1280 -59.2002 0.05 0.39 
07/29/2013 9:09 B29 Groundwater -8.9868 -58.2859 0.05 0.39 
07/29/2013 9:27 C20 Groundwater -8.0921 -54.0384 0.05 0.39 
07/29/2013 9:32 C15 Groundwater -9.0343 -60.0896 0.05 0.39 
07/29/2013 9:37 C28 Groundwater -7.8860 -50.7179 0.05 0.39 
07/29/2013 9:56 H21 Groundwater -7.4876 -47.1403 0.05 0.39 
07/29/2013 10:01 H14 Groundwater -8.9535 -57.5654 0.05 0.39 
07/29/2013 10:31 I13 Groundwater -8.6423 -54.7040 0.05 0.39 
07/29/2013 10:36 I20 Groundwater -7.1831 -44.9064 0.05 0.39 
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07/29/2013 11:12 D13 Groundwater -7.2673 -44.5107 0.05 0.39 
07/29/2013 11:17 D20 Groundwater -7.2461 -45.7977 0.05 0.39 
07/29/2013 11:45 K18 Groundwater -8.2753 -48.9595 0.05 0.39 
07/29/2013 11:50 K12 Groundwater -8.4022 -52.9219 0.05 0.39 
07/29/2013 12:18 F11 Groundwater -9.6119 -62.2187 0.05 0.39 
07/29/2013 12:23 F20 Groundwater -8.5561 -55.9815 0.05 0.39 
07/29/2013 12:55 E26 Groundwater -8.4244 -54.0812 0.05 0.39 
07/29/2013 13:00 E20 Groundwater -7.9156 -49.1206 0.05 0.39 
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APPENDIX B 
 
Grok file for a fully coupled, surface water/groundwater transient, variably 
saturated model of the Beaver Creek subwatershed. 
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!------------------------------------------------------- 
!----------------------------------- Problem description 
!------------------------------------------------------- 
 
3D model of the Beaver Creek subwatershed 
(part of the South Fork Watershed) in North-Central 
Iowa, USA. 
 
Grok file written May, 2013 - November, 2013 
Last updated: 11/18/2013 
 
This iteration loads a decent set of starting heads,  
and combines precipitation, ET, and overland flow for  
a one-month time period. 
 
end 
 
!------------------------------------------------------- 
!--------------------------------------- Grid generation 
!------------------------------------------------------- 
 
read gms 2d grid 
./data/beavercreek.2dm 
 
generate layers interactive 
 zone by layer 
 
 base elevation 
  elevation from raster file 
  ../common/beavercreekdem-minus20m.asc 
 end 
     
 new layer 
  layer name 
  bottom_layer 
  minimum layer thickness 
  0.1 
  proportional sublayering 
  4 
  1 
  1 
  2 
  2 
  elevation from raster file 
  ../common/beavercreekdem-minus6m.asc 
 end 
 
 new layer 
  layer name 
  middle_layer 
  minimum layer thickness 
  0.1 
  proportional sublayering 
  2 
  1 
  1 
  elevation from raster file 
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  ../common/beavercreekdem-minus3m.asc 
 end 
 
 new layer                                
  layer name 
  top_layer 
  minimum layer thickness 
  0.1 
  proportional sublayering 
  3 
  1 
  2 
  2 
  elevation from raster file 
  ../common/beavercreekdem.asc 
 end 
 
 
end !Generate layers interactive 
end grid generation 
 
!Generate a file containing the geometry of the grid for verification 
mesh to tecplot 
beaverCreekMesh.dat 
 
 
!------------------------------------------------------- 
!------------------------- General Simulation Parameters 
!------------------------------------------------------- 
 
units: kilogram-metre-second 
transient flow 
unsaturated 
dual nodes for surface flow 
 
!GDS 
quasi steady groundwater flow 
 
!------------------------------------------------------- 
!----------------------------------- 3D Zones Definition 
!------------------------------------------------------- 
 
use domain type 
porous media 
 
clear chosen elements 
 
choose elements by layer 
5, 9 
new zone 
1 
clear chosen elements 
 
choose elements by layer 
1, 4 
new zone 
2 
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clear chosen elements 
 
 
!------------------------------------------------------- 
!------------------------------- Porous Media Properties 
!------------------------------------------------------- 
 
use domain type 
porous media 
 
properties file 
./data/beaverCreek.mprops 
 
clear chosen zones 
 
choose zone number 
1 
read properties 
DowsFormationOxidized 
clear chosen zones 
 
choose zone number 
2 
read properties 
DowsFormationUnoxidized 
clear chosen zones 
 
 
!------------------------------------------------------- 
!------------------------------ Overland Flow Properties 
!------------------------------------------------------- 
 
use domain type 
surface 
 
properties file 
./data/beaverCreek.oprops 
 
clear chosen faces 
choose faces top 
 
new zone 
1 
 
clear chosen zones 
choose zone number 
1 
read properties 
overland flow 
 
clear chosen nodes 
choose elements gb 
./data/beavercreek.echos.beaverCreekStreams 
9,10 
 
new zone 
2 
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clear chosen zones 
choose zone number 
2 
read properties 
channel flow 
 
 
!------------------------------------------------------- 
!--------------------------- Initial Conditions for Flow 
!------------------------------------------------------- 
 
clear chosen nodes 
choose nodes all 
initial water depth 
1e-2 
 
clear chosen nodes 
choose nodes top gb 
./data/beavercreek.nchos.BeaverCreekOutlet 
!choose nodes top boundary 
 
create segment set 
beaverCreekOutlet 
 
boundary condition 
    type 
    critical depth 
     
    name 
    crit_depth_outlet 
     
    segment set 
    beaverCreekOutlet 
     
    tecplot output 
end 
 
use domain type 
porous media 
 
clear chosen nodes 
!choose nodes all 
!initial head surface elevation 
restart file for heads 
./data/beaverCreekHeads.hen 
clear chosen nodes 
 
!------------------------------------------------------- 
!-------------------------- Boundary Conditions for Flow 
!------------------------------------------------------- 
 
use domain type 
surface 
 
clear chosen nodes 
 
 117 
choose nodes top 
 
create face set 
topFace 
 
boundary condition 
    type 
    potential evapotranspiration 
 
    face set 
    topFace 
 
    time value table 
    0.0 1.5e-7 
    end 
end 
 
boundary condition 
    type 
    rain 
     
    name 
    rainfall 
     
    face set 
    topFace 
     
 time value table 
 0 1.46990741e-7 
    604800  0 
    ! 5.87962964e-7 m/3 = 2.0 in/day 
    ! 2.93981482e-7 m/s = 1.0 in/day 
    ! 1.46990741e-7 m/s = 0.5 in/day 
    ! 7.34953705e-8 m/s = 0.25 in/day 
    ! 3.67476853e-8 m/s = 0.125 in/day 
 end 
end 
 
clear chosen nodes 
echo flow boundary conditions 
 
 
!------------------------------------------------------- 
!----------------------------------------- ET Properties 
!------------------------------------------------------- 
 
use domain type 
et 
 
properties file 
./data/beaverCreek.etprops 
 
clear chosen faces 
choose faces top 
 
new zone 
1 
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clear chosen zones 
choose zone number 
1 
read properties 
et1 
 
!echo et at point 
!500.0  400.0 
 
 
!------------------------------------------------------- 
!---------------------------------- Numerical Parameters 
!------------------------------------------------------- 
 
newton maximum iterations 
25 
jacobian epsilon 
1.0e-5 
newton absolute convergence criteria 
!1.0e-5 
1.0e-4 
newton residual convergence criteria 
!1.0e-6 
1.0e-4 
!no nodal flow check 
!remove negative coefficients 
!newton information 
 
 
!------------------------------------------------------- 
!------------------------------------- Timestep Controls 
!------------------------------------------------------- 
 
echo to output 
 
head control 
0.5 
!saturation control 
!0.05 
initial timestep 
1 
minimum timestep multiplier 
0.1 
maximum timestep 
86400 
maximum timestep multiplier 
4.0 
 
 
output times 
0 
1 
10 
100 
1000 
10000 
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20000 
30000 
40000 
50000 
60000 
70000 
80000 
86400 
90000 
100000 
110000 
120000 
130000 
140000 
150000 
160000 
172800 
259200 
345600 
432000 
518400 
604800 
1209600 
1814400 
2419200 
4838400 
7257600 
 
end 
 
echo to output 
 
 
!------------------------------------------------------- 
!------------------------------------------------ Output 
!------------------------------------------------------- 
 
clear chosen nodes 
 
choose nodes top gb 
./data/beavercreek.nchos.BeaverCreekOutlet 
!choose nodes top boundary 
 
create node set 
beaverCreekOutletHydrograph 
 
set hydrograph nodes 
beaverCreekOutletHydrograph  
 
